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Abstract 
Technological advancement in large scale mining has changed little in the past 20 years.  
Increasing global energy demands and continuously decreasing ore grades are putting pressure 
on the mining industry to develop new, energy efficient technologies.  Comminution has the 
highest energy consumption across the mining industry, and its energy demands continue to 
increase as finer grinding is required to liberate the valuable minerals in lower grade ores.   
 
Novel devices, such as high voltage pulse devices (HVP), have the potential to reduce the overall 
energy consumption, as they offer preferential breakage at the mineral grain boundaries.  Good 
liberation occurs in coarser products and gangue can be removed upstream.  HVP devices offer 
the opportunity to replace and change old inefficient comminution circuits or to be strategically 
incorporated within a current circuit.  They also provide an opportunity for improving the 
downstream separation performances.  However, to date, little research has been conducted on 
the direct effects of HVP treatment on these mineral separation processes.   
 
In this thesis the effects of HVP treatment on the characteristics and surface chemistry of a 
sample of Los Bronces porphyry copper ore were initially investigated to determine the potential 
for improved separation performance.  A commercially available SELFRAG Lab device was 
used to HVP treat the ore either in batch-mode or using the single-particle/single pulse (SP/SP) 
method.  The results showed that the ore responded well to SELFRAG batch treatment, with 
improvements seen in the ore’s resistance to breakage and mineral liberation.  Batch flotation 
and Wilfley shaking table tests therefore followed, using SELFRAG batch treated and 
mechanically crushed ore, to determine the differences in the grade-recovery curves.  Further 
froth flotation tests were done using SELFRAG SP/SP treated ore for comparison.   
 
Results indicate that SELFRAG batch treatment of Los Bronces ore significantly reduced the 
ore’s resistance to breakage when compared to conventional (mechanical) crushing.  However, 
it consumed 21.8 kWh/t whereas mechanical crushing only consumed 1.5 kWh/t to produce the 
same extent of breakage.  The SELFRAG SP/SP method was developed to reduce the consumed 
energy so that overall energy savings could be realised.  In this method, SELFRAG treatment 
pre-weakens the particles with little to no breakage, so the JKRBT was used to break the particles 
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to -3.35 mm.  This method consumed 4.55 kWh/t and the product had the same resistance to 
breakage as the mechanically crushed product.   
 
Mineral liberation results showed that chalcopyrite was more liberated in the SELFRAG batch 
treated product than in the mechanically crushed product, noticeably in the coarser size fractions.  
This was confirmed in the preliminary float/sink gravity separation results where improved 
chalcopyrite recoveries were seen.  Although SELFRAG batch treatment improved the valuable 
mineral liberation, it also led to noticeable surface chemistry changes.  The surface chemistry of 
pure chalcopyrite was investigated, using X-ray photoelectron spectroscopy (XPS).  The high 
resolution results showed that both SELFRAG SP/SP treatment and mechanical crushing led to 
the iron oxidising preferentially, leaving behind a copper sulphide passivating layer.  However, 
the SELFRAG SP/SP treatment caused significantly more iron oxidation and the copper 
sulphides were further oxidised.  Separation processes directly after HVP treatment may be 
inhibited by the degree of oxidation and an attrition stage may be necessary to remove the 
passivating layer.   
 
Froth flotation tests were conducted at three P80 values, 0.100, 0.150 and 0.200 mm, with the 
grade-recovery curves showing improved flotation performances after hybrid SELFRAG batch 
treatment.  This was due to the improved mineral liberation and the rod mill ‘cleaning’ the 
oxidised surfaces.  Hybrid SELFRAG single-particle/single-pulse (SP/SP) tests showed 
improvements in the grades and the recoveries of chalcopyrite for the 0.100 and 0.150 mm 
samples, but improvements were not seen in the 0.200 mm sample.   
 
The grade-recovery curve obtained from the shaking table results after SELFRAG batch 
treatment of the ore was better than that obtained after the ore was mechanically crushed.  
However, the improvement could only be attributed to the grade difference of Concentrate 1 and 
no conclusions could be drawn on the effects of SELFRAG batch treatment on shaking table 
separation performance.   
 
A review of the implications on the current mineral processing plant has shown that gangue 
removal with SELFRAG batch treatment is possible and that improved floatation separation 
grades and recoveries would be realised.  However, the continuous SELFRAG devices used in 
 iii 
the mining field merely pre-weaken the ore as in SELFRAG SP/SP treatment.  In this thesis the 
overall specific energy of SELFRAG batch treatment followed by rod milling was considerably 
higher than conventional mechanical comminution.  To produce a P80 of 0.150 mm, 32.5 and 
15.7 kWh/t were consumed, respectively.  As expected SELFRAG SP/SP used significantly less 
energy, 18.9 kWh/t, than SELFRAG batch treatment to produce the same size product but it was 
still higher than that of the mechanical comminution.  It was argued that the continuous 
SELFRAG devices currently available are more energy efficient than the SELFRAG Lab device 
which was used, and therefore pre-treatment using continuous SELFRAG devices is expected to 
reduce the energy consumption whilst improving the flotation separation performance.   
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INTRODUCTION 
This chapter introduces the topic and provides the necessary background, while highlighting 
the gaps in the current literature and thus the reasons for this thesis project.  It describes the 
overall aim of the thesis and the resultant hypotheses and objectives are defined.   
1.1 Introduction 
The world’s high mineral demand has led to many mining companies processing lower grade 
ores with more complex textures.  The processing of these ores requires finer grinding to 
liberate the minerals, increasing the energy demands.  With the world’s energy consumption 
projected to increase by over 56% (EIA, 2013) over the next three decades and the depletion 
of high grade ores, mining companies are being forced to find alternative sustainable 
techniques to reduce the overall energy consumption. 
 
Literature reveals that novel high voltage pulse (HVP) comminution devices have been 
identified as potential alternatives, as they exploit the heterogeneous, non-conducting character 
of most ores.  They present a way to achieve preferential intergranular breakage, which leads 
to good mineral liberation in coarser products, reduction in ore strength and less fines 
generation.  This in turn may lead to a reduction in the overall energy demands of the ore 
dressing process.   
 
SELFRAG AG was founded in 2007 to address the need for HVP devices in various markets.  
Before SELFRAG devices, research was done using Marx generators or self- made devices 
which were energy inefficient and the results could not be repeated or compared.  SELFRAG 
AG currently manufactures and sells batch and continuous devices, SELFRAG Lab and 
SELFRAG explorer for the pre-treatment of ore.   
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Up to now little research has been conducted on the development of full mineral processing 
circuits incorporating SELFRAG technology.  It has been primarily focussed on the 
implementation of SELFRAG devices within the comminution circuit and the implications on 
the ore’s competence and breakage.  Experiments conducted using the SELFRAG Lab device 
showed large reductions in the resistance of the ores to breakage and improvements in the 
mineral liberation (Wang et al., 2011; Wang et al. (2012c)) and  Shi et al. (2014a) showed that 
a copper-gold ore hybrid comminution circuit which utilises SELFRAG technology alongside 
mechanical grinding, has the potential to reduce the energy consumption by 5 kWh/t.  The 
current literature fails to address the potential impacts, positive or negative, that SELFRAG 
technology could have on the downstream separation recoveries.  
 
This project investigates the effect of high voltage pulse (HVP) technology, using a SELFRAG 
Lab device, on a porphyry copper ore.  It focusses on the changes in ore characteristics, such 
as ore competence, mineral liberation and surface chemistry, and the resultant separation 
performances.  In this way, the potential implications of implementing high voltage pulse 
treatment within the current mineral processing circuit can be reviewed.   
 
1.2 Thesis hypothesis 
The overall aim of this thesis was to investigate the impact of high voltage pulses on separation 
processes and to determine if alternative mineral processes could be employed.  When 
reviewing the viability of high voltage pulse treatment in mineral processing circuits the focus 
was primarily on the valuable mineral recoveries and equipment energy consumption.  The 
hypotheses of the project were formulated so that set objectives could be defined and the overall 
aim could be attained.   
 
The hypotheses of this study: 
 High voltage pulse treatment, using a SELFRAG Lab device, enhances mineral liberation 
in Los Bronces porphyry copper ore. 
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 High voltage pulse treatment, using a SELFRAG Lab device, has negligible effects on 
the surface chemistry of Los Bronces ore.  
 The hybrid processing circuit will lead to improved overall separation recoveries and 
grades.   
 
To meet these hypotheses the following objectives were defined: 
 Determine the effect of high voltage pulses on the mineral liberation of Los Bronces 
porphyry copper ore.   
 Determine the effect of high voltage pulses on the surface chemistry of Los Bronces 
porphyry copper ore.   
 Determine the effect of SELFRAG treatment on the flotation and gravity separation 
recoveries and grades of Los Bronces porphyry copper ore.   
 
1.3 Thesis structure 
Chapter 2 provides an overview of the existing literature on non-mechanical comminution 
devices, focussing on high voltage pulse treatment in mineral processing.   
 
Chapter 3 describes the overall experimental program used in this project and the tests that 
were carried out.  These include high voltage pulse treatment, mechanical comminution, 
gravity and flotation separation, ore sampling and analysis.  Sampling error analysis and grade-
recovery curve comparisons are also detailed in this chapter.   
 
Chapter 4 details the pre-weakening and breakage behaviour results, when high energy 
SELFRAG batch treatment was used to treat Los Bronces ore.  The specific energy 
consumptions, fine particle breakage characterisation and rod milling results are compared.   
 
Chapter 5 presents the mineral liberation and surface chemistry results of SELFRAG batch 
treatment and mechanically comminution of Los Bronces ore.  The content of this chapter was 
published in Parker et al (2015).   
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Chapter 6 presents the results of gravity and flotation separation tests on SELFRAG and 
mechanically comminuted Los Bronces ore.  Float/ sink and shaking table experiments were 
conducted for the gravity separation test work and 3 L batch flotation tests for the froth flotation 
test work.  The content of this chapter was published in Parker et al (2015).   
 
Chapter 7 summarises the results from Chapters 5 and 6 and proposes recommendations for 
future work.   
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LITERATURE REVIEW 
The literature review provides an introduction to high voltage pulse treatment and the advantages it 
has in mineral processing circuits.  It highlights the “infancy” of the technology and the resultant 
gaps in research that need to be filled in order to design high voltage mineral processing circuits.   
 
2.1 Energy consumption in the mining industry 
Over the next three decades the world’s energy consumption is expected to increase by 56 % (EIA, 
2013).  This dramatic increase is placing large societal pressure on global industries, such as mining, 
to reduce their energy consumption.  This in turn has led to more energy efficient technologies being 
researched (Wang, 2012).  The mining industry is a major energy consumer, contributing to 5-7 % of 
global energy consumption, with comminution being the most energy intensive process in the 
majority of mines (Rábago et al., 2002).   
 
Even though the mining industry is under considerable pressure to reduce its energy consumption, 
the world’s exponentially increasing mineral demand has resulted in decreasing ore grades being 
mined to sustain the global GDP growth (Kesler, 2007).  The processing of these lower ore grades 
has led to a sizeable increase in the amount of gangue produced and the complexity of its association 
to the valuable minerals.  This has given rise to higher energy consumptions and lower efficiencies 
in extracting the valuable mineral, causing operating costs to increase.  This drives the need for new, 
‘greener’, more energy efficient technologies and practices to be adopted. 
 
2.2 Energy consumption in comminution 
Comminution consists of crushing and grinding operations, whereby large particles of ore are reduced 
to smaller particles in order to liberate the valuable minerals from the gangue.  It is the most energy 
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intensive process across the mining industry and therefore it has a large effect on the profitability of 
mining operations.  As a result many researchers have tried to quantify (Daniel and Lewis-Gray, 
2011; Tromans, 2008) the percentage of mine energy consumption that can be attributed to 
comminution, but the energy consumptions were determined using different methods and bases, 
which has led to the calculated energy proportions differing widely (Ballantyne and Powell, 2014).  
This makes it difficult to pinpoint the exact percentage of energy that can be attributed to 
comminution, but work by Fuerstenau and Abouzeid (2002) suggests that it may consume as much 
as 3.3% of the world’s energy.     
 
Within comminution, grinding requires the largest amount of energy due to poor efficiencies, where, 
depending on the mill type, only 30-40% of the milling input energy is used effectively (Musa and 
Morrison, 2009).  The US Department of Energy conducted a study in 2007, Figure 2.1, which 
showed that although grinding is the most energy intensive process, it has a large energy savings 
potential.   
 
It is important to note, from Figure 2.1, that improving current grinding techniques will only offer 
modest energy savings, with the ‘practical minimum’ being far-fetched at this point.  New 
technologies, such as novel comminution devices, are required to reduce the current energy 
consumption by over 70%, so that the ‘practical minimum’ can be achieved.   
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Figure 2.1: Energy Consumption of each process and Energy Saving Potentials.  Current: The 
average energy consumption; Best Practice: The energy consumption for above average mine sites; 
Practical Minimum: The energy consumption after extensive R&D; Theoretical Minimum: The 
energy required to complete a task without energy losses (DOE, 2007). 
 
The Australian government’s “The Bottom line on Energy Efficiency project” suggested that energy 
efficiencies within comminution can be improved through the upstream removal of gangue and the 
adoption of integrated energy efficient comminution strategies (DOIS, 2013). 
 
The removal of gangue in the early stages of mineral processing would increase the ore concentration 
and save energy.  The gangue material usually contains little to no valuable minerals and is often 
made up of harder materials, such as silica, which results in a large amount of energy being wasted 
on grinding it (Bracey, 2012).   
 
An integrated energy efficient comminution strategy utilises new energy efficient technologies so that 
the coarsest optimal particle size is processed, which prevents over grinding.  The strategy also offers 
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more advanced flexible circuits by integrating mining and processing designs for optimal 
performance (Powell and Bye, 2009).   
 
Novel non-mechanical comminution devices have recently emerged as alternatives to current mineral 
processing techniques, as they present a way to achieve preferential intergranular breakage.  This 
leads to effective levels of mineral liberation in coarser products which allows for early gangue 
removal (Andres et al., 1999; Andres and Bialecki, 1986; Scott, 2006; Wang et al., 2012c).  The novel 
devices can replace inefficient mineral processing circuits, or they can be strategically incorporated 
within a current circuit.   
 
2.3 Novel non-mechanical comminution devices in mineral processing 
circuits 
Novel devices come in many forms, but they can be categorised as mechanical and non- mechanical.  
Non-mechanical processes include thermal assisted liberation, high voltage pulsing and microwave 
treatment, while mechanical processes include jet milling and different types of compressive milling.  
Novel devices aim to exploit the differences in mineral characteristics, in order to achieve preferential 
intergranular breakage to liberate the valuable minerals.  The ore characteristics often exploited 
include electrical conductivity, thermal expansion, electromagnetic susceptibility and the weakness 
of the grain due to mineralisation (Bracey, 2012). 
 
Today’s low grade, highly complex ores have led to mineral processing recoveries of 60-70% 
becoming more common (Andres et al., 2001a).  Current mechanical breakage devices cause non-
selective breakage, where the occurrence is independent of the locations of the mineral grain 
boundaries (Andres et al., 2001a).  Liberation can therefore only be achieved when particle size is 
much smaller than the mineral grain size.    
 
The way forward for mineral processing plants is to produce a higher percentage of mono-mineral 
particles that are the same size as they were within the ore originally.  Thus transgranular breakage is 
minimal and the grain is whole and fully liberated.  Figure 2.2 shows the differences between 
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transgranular and intergranular breakage.  Intergranular breakage causes increased liberation in 
coarser products and a reduction in the ore strength and the quantity of fines generated.   
 
 
(A) 
 
(B) 
Figure 2.2: (A) Transgranular and (B) intergranular breakage (MTi, 2013; Reed, 2013). 
 
The addition of non-mechanical novel devices in mineral processing circuits will aid in selective 
intergranular breakage, so that a high percentage of mineral particles are liberated. In cases where 
there is a significant difference in density between the valuable mineral and the gangue, gravity 
separation can be employed to separate the gangue in the early stages of the process, or to remove the 
valuable minerals before further treatment (Andres et al., 2001a).  Flotation recoveries are also 
expected to increase with the higher percentage of liberated particles, but the free surface area would 
also play a large role.   
 
Novel devices may also offer other downstream benefits that have not been fully explored, such as in 
tailings treatment, grinding media consumption and flotation costs.  It is essential to fully understand 
all the benefits the novel devices have to offer and to investigate which mineral processing techniques 
need to be employed to best exploit these benefits.   
 
Scott (2006) investigated the effects of microwave pre-treatment on Palabora copper ore.  The results 
can be seen in Table 2.1, where the addition of microwave treatment in the existing comminution 
circuit led to a reduction in energy and grinding media consumption.   
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Table 2.1: Comparison of the energy use and grinding media consumption (Scott, 2006). 
Simulation 
EXISTING FLOW SHEET 
Energy Used 
(kWh/t feed) 
% of existing 
energy 
consumption 
Media 
Consumption 
(kg/t feed) 
% of existing 
media 
consumption 
Mechanical 5.86 100.0 0.242 100.0 
Microwave  
(same throughput) 
4.73 80.69 0.240 99.25 
Microwave  
(+10% throughput) 
4.81 81.95 0.240 99.11 
 
Scott (2006) also found that microwave treatment led to a significant increase in the liberation of the 
copper minerals, but float sink testing showed no changes in the copper recoveries.  However, he still 
proposed that gravity separation be incorporated into the circuit, shown in Figure 2.3, because the 
microwave treatment would produce higher tonnages of treated material in the size ranges amenable 
to gravity separation.  The gravity separation would remove excess gangue and increase the copper 
concentration in the stream before grinding, thus reducing the overall energy consumption of the 
circuit.   
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Figure 2.3: Microwave mineral processing circuit proposed by Scott (2006). 
 
High voltage pulse treatment work conducted by Van der Wielen et al. (2013) showed that coarse 
(+20 mm) high work index ore particles were more amenable to high voltage treatment which led 
them to recommend that the high voltage device be implemented before the SAG mill or ball mill 
depending on the circuit.  They also recommended that the particles smaller than 10 mm be removed 
beforehand as they consume part of the spark energy with minimal changes to resistance to breakage.   
 
Shi et al. (2014a) developed a high voltage pulse comminution circuit using SELFRAG technology 
for a gold-copper ore, shown in Figure 2.4.  This circuit design enables two pebble crushers and one 
of the ball mills to be removed from the current circuit.  The proposed circuit would lead to a 5 kWh/t 
energy reduction in the comminution circuit and AUD $19.4 million per annum savings in operating 
costs. 
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Figure 2.4:  Design of a gold-copper ore comminution circuit incorporating high voltage SELFRAG 
technology (Shi et al., 2014a).  
 
Previous research on high voltage pulse treatment has focussed on the device replacing a mechanical 
comminution device, or being added as a pre-treatment mechanism.  It has looked only at the impact 
and benefits within the comminution circuit, and not at the full mineral recovery process, and 
therefore downstream recoveries were not taken into account.  Further research is therefore required 
to develop and simulate high voltage pulse treatment mineral processing circuits.   
 
2.4 High voltage pulse technology 
2.4.1 High voltage pulse treatment 
High voltage pulse devices exploit the heterogeneous, non-conducting character of most ores.  The 
ore particle is placed in a dielectric liquid, usually water, and bombarded with high voltage pulses, 
causing high pressure pulses to propagate through the solid, leading to electrical disintegration.  It 
can be seen in Figure 2.5 that when the high voltage pulse reaches its peak in less than 500 ns, the 
CHAPTER 2 – LITERATURE REVIEW 
 
13 
 
breakdown strength of water is higher than that of most solids.  Therefore when the applied voltage 
exceeds the breakdown voltage, a discharge occurs in the solids first (SELFRAG AG, 2006).   
 
 
Figure 2.5: Breakdown strength of various materials as a function of the pulse rise time (SELFRAG 
AG, 2006).   
 
At pulse time rises of over 500 ns the breakdown strength of the water is exceeded by the breakdown 
strength of the solid, therefore the water would break down before the solid.  Figure 2.5 also shows 
the low breakdown strength range of air, indicating that it would electrically disintegrate before water 
or solids.  For this reason the treatment of the ore takes place in a suitable dielectric, such as water, 
to prevent the electrical discharge from being lost into the air.  
 
In the past scientists used Marx generators or self-made devices to produce high voltage pulses for 
research.  Their research was instrumental in showing the possibilities of high voltage treatment but 
the technology did not improve beyond the laboratory prototype.  In 2007 SELFRAG AG was formed 
to address the need for this technology in various industries and they invested a lot resources into 
developing commercial devices.  Currently SELFRAG AG is the only company producing high 
voltage pulse devices for the mining industry, although, other technologies such as I-pulse are in the 
testing phase.  It is important to note that although the devices all produce high voltage pulses the 
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voltage and energy supplied to the particles differ, as well as the energy efficiency of the device itself.  
This makes it difficult to compare results from differing devices.   
 
Figure 2.6 shows a diagram of a typical high voltage pulse device.  The high voltage power supply 
charges the generator until a set voltage is reached, whereupon it discharges a high voltage pulse from 
the electrode into the process vessel.  The high voltage pulses move towards the bottom of the process 
vessel which acts as the ground electrode.   
 
 
Figure 2.6:  A typical high voltage pulse device (SELFRAG AG, 2006) 
 
2.4.2 Electrical breakdown 
Electrical breakdown is caused when a high voltage discharge is deposited within the plasma channel 
of an ore particle, and the solid’s conductivity is not sufficient to allow the current to pass without 
atomic changes, and the resistance or ionisation potential is too small to prevent the current from 
passing.  The current moves through the ore particle in thin micro plasma streamers which branch out 
in a tree like pattern to areas of high electrical field strength (Andres et al., 2001a, 1999; Bluhm et 
al., 2000), as shown in Figure 2.7.   
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.   
Figure 2.7: Development of a tree like pattern can be seen while creating a Lichtenberg figure (Grey, 
2004).  
 
Once the electrodes are bridged, the minerals in the particle continue to ionise and increase in 
temperature, causing an increase in conductivity and the rapid expansion of the plasma stream.  This 
causes large tensile stresses to form along the grain boundaries, leading to selective fragmentation 
(Andres et al., 2001a, 1999; Fujita et al., 2001).   
 
Electrostrictional tension results when a polarised dielectric is exposed to an electric field.  The 
dielectric deforms elastically in the direction of the applied field due to the different charges attracting 
and repelling one another.  Electrostriction alone cannot cause selective fragmentation, because 
ionisation and electrical breakage are too rapid and do not allow time for the electrical field to reach 
a point where the stresses are sufficient to cause strictional mechanical disintegration (Andres et al., 
1999).  Strictional tension does, however, contribute towards the total mechanical stresses and the 
generation of some fissures within the ore particle.   
 
Bluhm et al. (2000) postulated that if an inclusion has a higher impedance than the surrounding 
matrix, then selective fragmentation may occur when high pressure tensile waves form within the 
inclusion.  Tensile waves develop when compression waves, generated from shock waves, refract and 
reflect within inclusions of differing acoustic impedances.   
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2.4.3 Mechanism of mineral liberation 
Ore is a heterogeneous solid with non-uniform grains, gas cavities and solid inclusions.  There are 
many types of minerals present in an ore particle which have different permittivities and 
conductivities and therefore different breakdown strengths.  Gas cavities and solid inclusions have 
the lowest breakdown strengths.   
 
A high electrical field causes electric polarisation of the different mineral grains which leads to 
electrical charges concentrating at the boundaries and interfaces of the minerals, shown in Figure 2.8.  
As the differences between the permittivities/conductivities of the minerals increase, so do the 
electrical concentrations and field.   
 
Figure 2.8: Electrical polarisation of a polymineral grain in water (Andres et al., 2001a). 
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The electrical breakdown pattern can be seen in Figure 2.9 (A), where the micro plasma streamers 
move to bridge the electrodes before branching to areas of high electrical field concentrations.   
 
Figure 2.9: Electrical disintegration of a heterogenous ore particle. (A) The plasma streamers tree 
pattern and (B) liberation of the valuable minerals (visualisation) (Andres et al., 2001a).   
 
Once bridged, the solids along the plasma stream are heated rapidly, resulting in a large increase in 
the internal pressure.  This process occurs so rapidly that the pressure increase causes an explosion 
within the ore particle which in turn generates a pressure pulse which fragments the particle, shown 
in Figure 2.9 (B).  Fragmentation tends to occur at the mineral grain boundaries, and therefore the 
valuable minerals are liberated with a higher selectivity.   
 
2.4.4 Effect of high voltage pulse treatment on ore characteristics 
One of the earliest investigations of the effects of high voltage pulses on the liberation of minerals 
was carried out by Andres and Bialecki (1986).  The electro-crushing offered improved mineral 
liberation and preservation of the crystals (diamond).  It was also noted that the electro-crushing had 
a great advantage over mechanical crushers, because the power and rate of breakdown could be 
changed and the device has no mechanical wear and easier maintenance.   
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Bunin et al. (2010) proposed a model that describes the development of electric discharges between 
sulphide particles (10 µm to 1mm in size), when treated with nanosecond high-power electromagnetic 
pulses.  It shows that when high voltage pulses are discharged, the mineral structure weakens and 
mechanical stresses form at the boundary of the mineral grain and the gangue matrix.  Disintegration 
of the ore occurs efficiently when the size of the exposed mineral exceeds the threshold size.   
 
Wang et al. (2011) performed tests on four ores (a copper ore, two copper/gold ores and a lead/zinc 
ore) to investigate the effect of pre-weakening by high voltage pulses (1 to 3 kWh/t).  The results 
showed that high voltage pulses caused cracks and microcracks to form, which weakened the rocks 
(9 to 52% improvement in the 1A*b value).  This resulted in energy savings of up to 24 % in the 
grinding process.  Their results also showed that the efficiency of the high voltage pulses was highly 
dependent on the ore surface texture and mineral properties.   
 
Wang et al. (2012c) also studied the differences in mineral liberation caused by high voltage pulses 
and conventional comminution.  Results showed that at the same specific energy levels, the electrical 
comminution produced fewer fines, a coarser product and improved mineral liberation.  For electrical 
comminution the liberated minerals were found to be in the + 53 µm range, while conventional 
comminution yielded liberated minerals in the fine, -53 µm, size fractions only.  It was concluded 
that high voltage pulses had potential benefits for recovering coarse liberated minerals before further 
grinding.   
 
Further work by Wang et al. (2012b), on the factors affecting electrical comminution, showed that 
induced electrical fields are highly dependent on the electrical properties of the minerals, the grain 
sizes, the location of the conductive materials within the rock and the particle shape and orientation.  
The high electrical field intensity was found to occur along the boundaries of two minerals, with large 
differences in their permittivities and conductivities.   
 
 
1 A*b indicates the ore’s resistance to impact breakage or competence; with large A*b values 
indicating less competent ores.  
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Conductive minerals on the surface of the particle cause the breakdown path and pattern to be 
disrupted, which leads to changes in the mineral liberation results.   
 
Wang et al. (2012a) conducted experiments on two sulphide ores and a platinum ore with the same 
specific energy inputs.  The results showed that there was a larger concentration of high conductivity/ 
permittivity minerals in the -0.3 mm size fractions of the electrically comminuted product.  Numerical 
simulations were also run, using the boundary element method (COULOMB 3D software), and the 
results showed that a high electrical field intensity was produced around the mineral boundaries with 
high conductivities/permittivities, which led to selective fragmentation.   
 
Work done by Shi et al. (2013) on characterising the pre-weakening effects caused by high voltage 
pulses resulted in a new single particle method being developed.  The results showed that a 
gold/copper ore treated at a specific energy level of 1.6 kWh/t had an A*b increase from 31 to 84 for 
particles with a nominal size of 30 mm (171 % pre-weakening result).  The pre-weakening was found 
to be more significant in larger ore particles. 
 
Van der Wielen et al. (2013) investigated the influence of equipment settings and rock properties on 
high voltage breakage.  They found that the applied voltage and the number of discharges were the 
major influences on the product size.  Acoustic impedance showed a significant correlation to the 
product size, indicating that shockwaves play a major role in high voltage breakage.  Their results 
also showed that coarser feed sizes responded better to high voltage pulses. 
 
2.4.5 Effect of high voltage pulse treatment on ore surface chemistry 
During electrical comminution the extreme heat of the plasma channel exposes the surfaces of the 
mineral grains to highly oxidative conditions; as a result, surface chemistry changes are expected.  
This is evident in the research reported by Van der Wielen (2013), where melting/ sulphur degassing 
of pyrite was seen along the plasma channel.  Figure 2.10 shows SEM images where the pyrite in the 
plasma channel appeared to be affected, showing signs of decomposition, while the pyrite in other 
parts of the particle seem to remain unaffected.    
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A B 
Figure 2.10:  SEM images of affected (A) and unaffected (B) electrically comminuted pyrite particles 
(Van der Wielen, 2013).  
 
Chanturiya et al. (2014) conducted XPS experiments on chalcopyrite and sphalerite before and after 
high power electromagnetic pulse (HPEMP) treatment.  They found that both sulphide surfaces 
became metal deficient after treatment, with the formation of polysulphide or elemental sulphur and 
hydroxide species.  Although the surface chemistry was severely altered, flotation tests showed that 
the recoveries after HPEMP treatment improved by up to 13%.   
 
2.4.6 Effect of high voltage pulse treatment on separation recoveries 
High voltage testing by Andres et al. (1999) on hematite and magnetite ores showed that the silicate 
recoveries decreased on both ores during subsequent magnetic separation, but the phosphorus 
recoveries differed.  The magnetite ore responded better to the high voltage treatment as the silicate 
and phosphorus recoveries decreased sizeably, due to improved mineral liberation.  The hematite 
showed lower silicate recoveries but similar recoveries for phosphorus, indicating improved 
liberation to an extent.  Electrical disintegration of the magnetite ore generated fewer fines than 
mechanical comminution, but there was no noticeable difference with the granulometry of the 
hematite ore.   
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Tests conducted by Vaasjoki and Lindqvist (2001) indicated that electrodynamic fragmentation of 
two different rock types yielded clean mineral concentrates.  The high voltage pulses produced 
monomineralic crystal fragments with minimal damage, as opposed to conventional crushing where 
most of the crystals were broken.  Heavy liquid separation showed the potential to produce purer 
zircon fractions when compared to conventional crushing.  This would remove the need for shaking 
tables as a preconcentration stage, thus reducing the time and cost of the process.    
 
Andres et al. (2001a; b) investigated the effects of HVP treatment, using a laboratory device, on five 
different ores: three oxides ores (two containing Pt group metals and one containing hematite) and 
two complex sulphide ores (containing sulphides of Cu and sulphides of Ni).  The results showed that 
liberation improved in the ores containing hematite, Pt group metals, complex Cu sulphides and 
pentlandite with fewer fines generated.  The improved liberation led to a larger percentage of 
monomineralic particles in the coarser particle sizes (+106 µm).  Flotation tests were also conducted 
on the copper, nickel and platinum ore, with the results shown in Table 2.2   
 
Table 2.2:  Grades and recoveries for copper and nickel flotation experiments (Andres et al., 2001a; 
b). 
  
Mass 
recovery 
Concentrate grade recovery Recovery Tails grade 
Copper 
ore 
 
Cu 
(%) 
Ni 
(%) 
S2 
(%) 
Pt, Au 
(%) 
Cu 
(%) 
Ni 
(%) 
S2 
(%) 
Pt & Au 
(%) 
Cu 
(%) 
Ni 
(%) 
S2 
(%) 
Electrically disintegrated products 
8.92 17.7   15.8   91.6   88.6   0.16   0.2 
7.9 16.1   14.9   94.3   92.1   0.08   0.11 
Rod mill products 
6.4 14.7   14.3   96.6   94.2   0.04   0.06 
Nickel ore 
Electrically disintegrated products 
13.8   4.7 18.8     56.5 44.9     0.58 3.7 
Rod mill products 
10.4   5.7 20.1     46.6 29.6     0.76 5.54 
Platinum 
ores 
Electrically disintegrated products 
Merensky       76       77       
Eastern       24       94       
Rod mill products 
Merensky       30       76       
Eastern       14       92       
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The concentrate grades of the electrically disintegrated copper were higher than for the mechanically 
comminuted material, while the recovery of the Cu sulphides from electrically disintegrated material 
was lower (91.6 and 94.3%) when compared to the mechanically comminuted recovery of 96.6%.  
The electrically disintegrated ore was more liberated, therefore fewer impurities were recovered into 
the concentrate; however, the particles were not liberated sufficiently to improve the recovery.   
 
The nickel showed the same improvements in concentrate grade with electrical treatment, but this 
time the recovery improved from 46.6% in conventional comminution to 56.5%.  Electrical 
disintegration of the platinum bearing ores also led to small improvements in recoveries, from 76 to 
77%, and 92 to 94%, with the concentrate grades increasing from 30 to 76 g/ton, and 14 to 24 g/ton.   
 
Although electrical comminution improved the concentrate grades, recoveries and mineral liberation, 
the energy consumption was much higher compared to mechanical comminution (on average 2 to 3 
times higher).  For the platinum ore, electrical comminution consumed 90 kWh/t, while mechanical 
comminution consumed only 50 kWh/t, to produce a -0.300 mm product.  This is one of the major 
limitations of electrical comminution, but Andres et al. (2001a; b) reasoned that there would be a 
decrease in concentrate mass going to the smelter, because of the higher grade.   This in turn would 
lead to an overall savings in energy.   
 
It is unclear how Andres et al (2001 a,b) calculated the mechanical energy consumption, but the 50 
kWh/t value is well above the values seen on many mineral processing plants (Ballantyne and Powell, 
2014; Daniel et al., 2010; Rule et al., 2008).   Rule et al (2008) determined that a conventional 
platinum comminution circuit would require a specific energy of 26.9 kWh/t to produce a -0.300 mm 
product.  The difference between the electrical comminution specific energy and the plant mechanical 
comminution specific energy is significantly larger than the one published by Andres et al (2001a,b).  
Therefore an overall savings in energy, using this electrical comminution approach, is unlikely to be 
realised.   
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2.5 Designing a high voltage mineral processing circuit 
2.5.1 Comminution circuit 
The addition of HVP devices, such as SELFRAG, into mineral processing circuits poses multiple 
problems.  For one there are no high voltage power generators capable of treating the large tonnages 
of ore that go through mineral processing plants, either continuously or as batch.  The largest device 
currently available is the SELFRAG EXPLORER which can treat up to 2 tph; but a pilot plant is in 
the process of being developed which aims to treat 10 tph.  Therefore in order to treat the feed of a 
mineral processing plant, a large number of parallel devices with multiple generators would be 
required, which may not offer an economic benefit over the conventional process in terms of capital 
and/or operating costs.  
 
Another major problem being faced is that there are no mathematical models currently available to 
simulate the performance of the SELFRAG devices, because the technology is relatively new and a 
multicomponent model, which takes into account the reduction of the ore’s resistance to breakage 
and improved liberation, is complex to develop.  Shi et al. (2014a) found that the Rosin-Rammler 
equation fitted their SELFRAG product distributions closely and it was therefore used to determine 
the SELFRAG product for any given feed size.  The Rosin-Rammler equation is commonly used for 
breakage devices, such as crushers, and it therefore does not include changes in the ore’s resistance 
to breakage and mineral liberation. These characteristics would need to be determined using 
laboratory analysis techniques.   
 
Van der Wielen et al. (2013) found that +20 mm particles were more amenable to HVP treatment and 
therefore they suggested that HVP treatment be implemented prior to grinding.  They also reported 
that HVP treatment would best be suited treating high work index, coarse (+20 mm) particles.  The 
SELFRAG laboratory device is limited to a top size of 45 mm, but other SELFRAG devices can 
process particles up to 350 mm.  Shi et al. (2014a) conducted SELFRAG treatment on 150 mm 
particles and their results were used to design a SELFRAG comminution circuit with a SELFRAG 
feed of 9.5 to 150 mm.  A double deck screen was used to produce three size fractions: -9.5 mm, 
which went directly to the SAG mill; -150 +9.5 mm, which was the SELFRAG feed, and +150 mm, 
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which also went directly to the SAG mill.  In this circuit design ± 66% of the ROM was treated 
through the SELFRAG device.    
 
2.5.2 Separation processes 
The potential of high voltage SELFRAG devices to improve mineral liberation and increase the 
grindability of ores has opened up opportunities to employ a wider range of separation processes.  
One of these processes is gravity separation, which can be used to concentrate the ore through the 
early removal of gangue, or to remove the valuable liberated minerals before further grinding.  
Another process that can be investigated is coarse flotation, as it requires less grinding, thereby 
reducing the energy consumption (Andres et al., 2001a).   
 
Many researchers have concluded that flotation recoveries should increase with improved mineral 
liberation, but there are limited published studies on how high voltage novel devices affect the surface 
chemistry and therefore the free surface area for flotation.  Table 2.3 shows how the knowledge of 
both mineral liberation by mass and the valuable mineral surface area and chemistry are essential, 
when predicting separation responses.  Only once all the ore texture changes have been investigated, 
can the best separation process and equipment be chosen.   
 
Table 2.3: Effects of ore texture on different separation techniques (Evans, 2002).   
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2.5.2.1 Gravity Separation 
Gravity separation is one of the oldest techniques used to recover valuable minerals.  It is a simple 
physical process, where minerals are separated on the basis of their different densities.  The process 
can be conducted in liquid media, such as water, or in fluidised beds.  Most gravity separation 
processes use relatively simple, environmentally friendly equipment with few moving parts.  For this 
reason, there has been renewed interest in gravity separation techniques, as mining companies move 
towards more sustainable processes.   
 
Burt (1984) stated that the key to effective gravity separation is a good understanding of the ore 
mineralogical characteristics.  He suggested that the following ore mineralogical characteristics be 
investigated: 
 Mineral identity 
 Composition 
 Proportions 
 Grain size 
 Mineral properties e.g. density 
 Concentration criterion 
 Texture 
 Liberation 
Once the ore mineralogical characteristics are known, the viability of gravity separation, with possible 
processing routes, can be determined.  The concentration criterion (CC), represented by equation 2.1, 
is an expression that is used to determine how effective gravity separation would be between two 
minerals.   
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CC = 
𝜌ℎ− 𝜌𝑓
𝜌𝑙−𝜌𝑓
  
(2.1) 
where  𝜌ℎ is the density of the heavy mineral (kg/m
3) 
  𝜌𝑓 is the density of the suspending fluid (kg/m
3) 
  𝜌𝑙  is the density of the light mineral (kg/m
3) 
 
Figure 2.11 shows the concentration criterion curve, which shows the point at where gravity 
concentration becomes virtually impossible.  It also shows how particle size affects gravity 
separation, with larger particles being easier to separate.   
 
 
Figure 2.11: Concentration criterion at different particle sizes (Burt, 1984). 
 
Once gravity separation between the pure valuable and gangue minerals is proved feasible, then 
further testing can be conducted to determine the potential separability of the ore when the valuable 
minerals are not all fully liberated.  The association between the valuable minerals and gangue is 
critical in determining appropriate treatment processes, as it could lead to valuable minerals being 
lost in the gangue.  The required grind size is determined by looking at the economically feasible 
recoveries/losses.  
CHAPTER 2 – LITERATURE REVIEW 
 
27 
 
Simple float/ sink tests can be conducted to determine the economic grind size and what recoveries 
to expect.  As the name indicates it is a simple test where a heavy liquid, with a certain density, is 
used to split the particles into two fractions, floats and sinks.  The ‘floats’ are particles with lower 
densities than the liquid density and the ‘sinks’ have higher densities.  By reproducing the float/ sink 
tests at different heavy liquid densities, a density curve can be constructed, plotting cumulative 
percentage weight versus density.  This curve, coupled with the assays of the floats and sinks, 
provides a clear understanding of the feasibility of gravity separation on the particular ore that was 
tested.   
 
In industry there are many different gravity separation devices that can be chosen, depending on the 
required feed tonnage and particle sizes.  Figure 2.12 shows a gravity separation chart with the 
operating ranges of various gravity separation devices.   
 
 
Figure 2.12: Gravity separation chart (Abols and Grady, 2005). 
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2.5.2.2 Froth flotation 
Froth flotation is a process whereby particles are separated based on differences in the hydrophobicity 
of the mineral surfaces.  Reagents are used to change the hydrophobicities of the particles so that the 
bubbles can adhere to the valuable mineral surfaces, and to create the perfect froth environment 
(Kawatra, 2002).  Different reagent combinations are required for the recovery of different minerals.  
It is critical that the valuable mineral be exposed at the particle surface so that the collector reagents 
can adsorb onto the surface.   
 
The free surface area (FSA) is defined as the percentage of surface area that contains the valuable 
mineral.  This indicates the extent to which the valuable mineral grain is interlocked in gangue 
minerals and how much is available for the flotation bubbles to adhere to.  Figure 2.13 shows the 
effect of free surface area and mineral liberation on the flotation performance (Cropp, 2013).  Figure 
2.13 clearly shows that higher liberation does not necessarily lead to improved FSA; therefore, it is 
important to consider both FSA as well as mineral liberation, when determining the overall flotation 
performance.   
 
 
Figure 2.13: Effects of free surface area and liberation classes on ease of recovery (Cropp, 2013). 
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The relationship between the volumetric mineral liberation and flotation recoveries can be seen in the 
work conducted by Sutherland (1989).  Figure 2.14 shows how the chalcopyrite volumetric mineral 
liberation effects the overall flotation recovery, after 8.0 minutes batch flotation, as well as the particle 
size effects on recovery.  
 
 
Figure 2.14:  Effects of particle size and chalcopyrite volumetric mineral liberation on flotation 
recovery after 8.0 minutes (Sutherland, 1989).   
 
It is clear, from Figure 2.14, that the mineral liberation has a major effect on the flotation performance, 
with higher mineral liberation percentages achieving higher recoveries.  It also shows that particle 
size is a critical factor in achieving optimal flotation recoveries.   
 
Floating the coarsest possible particles is desirable as it prevents overgrinding and fines generation.  
This in turn benefits tailings treatment downstream and reduces grinding media and energy costs.  
However, conventional flotation circuits are designed to effectively recover particles finer than 0.150 
CHAPTER 2 – LITERATURE REVIEW 
 
30 
 
to 0.200 mm; which means that excessive grinding is required to reduce the flotation feed particle 
size.   
 
The low recoveries of coarse particles are due to the agitation forces rupturing the surface adhesion 
between the particles and bubbles, and to lower particle buoyancies.  Improvements in mineral 
liberation with high voltage pulse treatment would make it possible to float coarser particles, but new 
techniques such as HydroFloat or Jameson cells (Awatey et al., 2013; Pokrajcic et al., 2005) would 
be required for particles exceeding 200 µm. 
 
2.6 Summary and discussion 
The literature review has provided insights into one of the biggest issues modern day mineral 
processing plants are facing: high energy consumption and increasing energy costs.  Inefficient 
mineral processing plants are over-grinding, which produces fines that are difficult to recover and 
causes sliming downstream.  These are the main drivers behind this research, as mining companies 
look towards new technologies to increase profitability, whilst reducing their carbon footprint.   
 
Non-mechanical novel comminution devices have been identified as potential alternatives to current 
mechanical comminution devices, as they cause preferential intergranular breakage, which leads to 
improved mineral liberation in coarser products, reductions in ore strength and less fines generation.  
High voltage pulse treatment, using SELFRAG devices, is the primary focus of this research, but 
microwave treatment has also been reviewed, because of its similarities in preferential breakage and 
the available literature on mineral processing circuits incorporating microwave treatment.   
 
The literature reveals that the performance of high voltage pulse devices is highly dependent on the 
ore type, as the devices exploit the heterogeneous nature of ores.  Each ore reacts differently to high 
voltage treatment, therefore each ore would need to be independently assessed.  This would prove 
difficult and costly for mine sites, especially ones with many ore bodies.  However, the literature 
shows that most of the treated ores experienced preferential breakage and in these cases the ore’s 
resistance to breakage was reduced significantly.  Work by Van der Wielen (2013) shows how 
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SELFRAG devices cause significant oxidation of pyrite within the plasma channel; however there is 
no research on how this change in surface chemistry affects the downstream flotation recoveries.  
Flotation tests have been conducted by Andres et al. (2001a) using a laboratory high voltage device, 
but these results could potentially be different when compared to SELFRAG treatment.   
 
A major limitation of high voltage pulse devices is the low throughputs the devices can handle and 
the fact that multiple devices would therefore need to be installed.  These devices are energy intensive, 
and the downstream savings would need to be significant in order to achieve an overall energy 
savings.  Downstream savings could be found in improved separation, reduced grinding, reduction in 
grinding media consumption and fewer fines in tailings treatment.  Research has been done on 
developing SELFRAG novel comminution circuits, with results showing improvements in energy 
and operating costs. However, up to date there are no publications on SELFRAG mineral processing 
circuits which include the separation processes.   
 
In conclusion, the literature review has highlighted the need for a comprehensive experimental 
program that determines the effects of SELFRAG devices on mineral liberation and the resultant 
valuable mineral recoveries.  The results need to have statistical relevance so that the feasibilities of 
different comminution and separation techniques can be determined.  
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EXPERIMENTAL PROGRAM 
This chapter documents the experimental program which was conducted during this study.  The 
experimental test work is described in detail in the hope that others will replicate and build upon the 
work in the future.   
3.1 Experimental program and test scenarios 
One of the main objectives of this study was to compare the ore characteristics, surface chemistry and 
the separation recoveries after mechanical and electrical comminution.  With this in mind the general 
test program depicted in Figure 3.1 was developed.   
Mechanical crushing
SELFRAG batch 
treatment
Large rotary splitter
30 kg
Flotation, Float/ sink, 
FBC and MLA
Los Bronces ore
120 kg ( -53 +9 mm )
SELFRAG SP/SP 
treatment
SELFRAG batch 
treatment
Mechanical crushing
Flotation, Float/ sink, 
FBC and MLA
Flotation Wilfley shaking tableWilfley shaking table
30 kg 30 kg 30 kg
20 kg 10 kg
30 kg
(-3.35 mm)
Rotary splitter
30 kg
 (-3.35 mm)
30 x 1 kg
Rotary splitter
Rotary splitter
20 x 1 kg
10 x 1 kg
20 kg (-3.35 mm) 10 kg (-53 +9 mm)
JKRBT
10 kg (-3.35 mm)
30 kg
(-3.35 mm)
Rotary splitter
  
Figure 3.1:  The experimental test program.  
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The program was developed with the knowledge that the results would be used to develop a Los 
Bronces SELFRAG mineral processing circuit which focuses on the energy consumptions, particle 
size distributions and separation recoveries.  The ore sample was crushed either by mechanical 
crushers or by high voltage pulse treatment using the SELFRAG Lab device.  Mineral liberation 
analysis (MLA) and fine particle breakage characterisation (FBC) were carried out for comparison.   
 
Determining the effects of high voltage pulse treatment on flotation performance was one of the main 
project objectives.  The literature review (Chapter 2) showed that HVP improves the mineral 
liberation in coarser size fractions, which opens up opportunities to float coarser particles, thus 
reducing grinding times.  With this in mind the flotation procedures outlined in Figures 3.2 and 3.3 
were designed, where flotation separation tests were conducted at three different P80s.   
 
In the mechanical comminution tests, the ore was crushed (refer to Section 3.2.2.1 for detailed 
information) at 1.50 kWh/t to produce a -3.35 mm product which was used as the rod mill feed.  
SELFRAG tests were done using the batch and single-particle/single-pulse methods (refer to sections 
3.2.1.1 and 3.2.1.2 for detailed information) followed by rod milling.  The use of HVP followed by 
mechanical comminution is referred to as a hybrid circuit.  The parameters that were used for each 
method are shown in Table 3.1.  Single-particle/single-pulse SELFRAG tests were followed by an 
additional breakage device (the Julius Kruttschnitt Rotary Breakage Tester (Shi and Zuo, 2014)) to 
produce a -3.35 mm product suitable for rod milling.   
 
Table 3.1:  The SELFRAG Lab parameters used for the different treatment methods. 
Parameter Range  SELFRAG Lab set points 
  Batch Single particle/ single pulse 
Pulse voltage 90 – 200 kV 180 180 
Pulse frequency 1 – 5 Hz 4 4 
Electrode gap 10 – 40 mm 40 Dependent on particle size 
Number of pulses 1 - 1000 80 1 
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Figure 3.2: Mechanical comminution flotation experimental procedure.   
 
 
Los Bronces ore
3.35 mm
Boyd Crusher
Rod Mill
Flotation
P80 = 0.100 mm
Grind time 
determination curves
Concentrates Tails
Sieving
XRF assay
Jaw crusher
Flotation
P80 = 0.150 mm
Flotation
P80 = 0.200 mm
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Figure 3.3: Hybrid (SELFRAG treated and mechanical milling) flotation experimental procedure. 
 
The hybrid SELFRAG batch and mechanical flotation tests were each repeated a minimum of three 
times, but an additional repeat was done for the P80 = 0.100 mm tests because of the inconsistent mass 
pulls caused by the fast floating nature of the chalcopyrite.  The hybrid SELFRAG SP/SP tests were 
not originally planned but it was decided towards the end of the project that a low energy SELFRAG 
test would be beneficial.  However, there was not enough ore remaining which meant that only two 
repeats could be done at each P80.  Table 3.2 documents the flotation tests which were conducted in 
this research.   
 
Los Bronces ore
SELFRAG (batch)
3.35 mm
Oversize
Rod Mill
Flotation
P80 = 0.100 mm
Grind time 
determination curves
Concentrates Tails
Sieving
XRF assay
SELFRAG (single-particle)
JKRBT
-3.35 mm
Flotation
P80 = 0.150 mm
Flotation
P80 = 0.200 mm
Sieving
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Table 3.2:  Flotation test work of Los Bronces ore.   
Breakage device P80 (mm) Number of repeats 
Mechanical 0.100 4 
 0.150 3 
 0.200 3 
SELFRAG batch 0.100 4 
 0.150 3 
 0.200 3 
SELFRAG SP/SP  0.100 2 
 0.150 2 
 0.200 2 
 
The concentrates and tails were split using a rotary splitter and representative samples from the same 
repeats were combined.  The tails were sized, split (using the same rotary splitter) and combined 
before being sent along with the concentrates to XRF analysis for the elemental distributions.  The 
feed grade was back calculated using the XRF results.    
 
The results of the float/sink tests conducted (as described in section 3.3.5) on Los Bronces SELFRAG 
batch and mechanically crushed ore indicated clear differences between the two products, so it was 
decided that shaking table experiments be carried out.  The shaking table experimental procedure is 
shown in Figure 3.4.   
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Figure 3.4:  Shaking table experimental procedure for Los Bronces ore.   
 
SELFRAG batch and mechanical crushing were each used to produce ±30 kg of -3.35 mm products 
for separation on the Wilfley shaking table (refer to section 3.2.4 for more detailed information).   
 
The usual top size for the shaking table is 1.18 mm, with 3.35 mm being close to the limit.  It was 
decided to separate at a top size of 3.35 mm because the HVP improves the mineral liberation in 
coarser size fractions; thus there is a potential to remove the large gangue particles from the process.  
Another reason for the larger top size is that, for gravity separation to be feasible in a circuit, it would 
need to be incorporated into the mineral processing circuit prior to secondary milling, which means 
that large top sizes need to be amenable to gravity separation.   
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In this thesis surface chemistry analysis using X-ray photoelectron spectroscopy (XPS) was 
conducted on pure chalcopyrite, crushed mechanically and using the SELFRAG SP/SP method to 
further understand the effects of high voltage treatment on sulphide mineral surfaces.  Pure 
chalcopyrite was used as it eliminates any noise due to silicate impurities and allowed a better 
understanding of surface chemistry changes to be determined.   
 
3.1.1 Los Bronces porphyry copper ore 
The Los Bronces copper-molybdenite deposit is 70 km north-east of Santiago.  It is a breccia complex 
superimposed on the west side of an earlier porphyry copper system and east of the San Francisco 
batholith.  The porphyry system is made up of stockwork and disseminated copper-iron-molybdenum 
sulphide minerals, which spans an area of about 12 km.  Los Bronces is comprised of at least seven 
different tourmaline breccias, which form a 2 km long and 0.7 km wide kidney-shaped body.  The 
major minerals are chalcopyrite, pyrite, hematite, molybdenite and chalcocite.   
 
The Los Bronces mine is an open-cut copper and molybdenum mine.  The ore is extracted and sent 
to the primary crusher before travelling 4.4 km, via conveyor, to the milling circuit known as 
Confluencia; from here the cyclone overflow goes to the Las Tortolas flotation circuit.  Figure 3.5 
shows the milling circuit configuration at Confluencia.   
 
Figure 3.5:  The current grinding circuit at Confluencia, Los Bronces. 
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The grinding circuit consists of a SAG mill (40 ft in diameter and 23.5 ft in length) associated with 
two ball mills (26 ft in diameter and 41.5 ft in length) and a pebble crushing stage.  The milling circuit 
configuration is SABC-B when running normally, but currently the circuit is running in a different 
configuration, where the pebble crusher product is going to the ball mill.   
 
3.1.2 Sample preparation 
Anglo American supplied 120 kg of Los Bronces copper ore, which was obtained from the SAG feed 
at the Confluencia mineral processing plant.  The SAG feed was sized by Anglo American and only 
the -53.0 + 9.50 mm particles were supplied for this project.  It was assumed that the samples received 
were not homogenous and therefore they were recombined.  Figure 3.6 shows the size distribution of 
the as received ore sample.  The ore was divided using rotary splitters according to the test program 
shown in Figure 3.1. 
 
Figure 3.6:  Size distribution of Los Bronces ore sample.   
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3.1.3 Chalcopyrite 
Chalcopyrite (CuFeS2) was obtained from Geodiscoveries for surface chemistry analysis using X-ray 
photoelectron spectroscopy (XPS).  A 500 g sample (-22.4 + 19 mm) was attained with an average 
chalcopyrite purity of 68.5%.  The rest of the sample consisted of 1.48 % pyrite and the remainder 
was quartz.  The low chalcopyrite purity meant that the particles were carefully selected during this 
study.    
Prior to comminution the feed particles were painted red to identify existing exposed surfaces.  This 
allowed newly generated surfaces to be identified for XPS analysis.  Trace inclusions of quartz and 
pyrite were avoided in the XPS measurements.   
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3.2 Experimental equipment and procedures 
3.2.1 High voltage treatment (SELFRAG) device 
The Julius Kruttschnitt Mineral Research Centre (JKMRC) received a SELFRAG Lab device, 
illustrated in Figure 3.7, from SELFRAG AG in 2010.  The device is compact and self-contained, 
and designed to treat batch samples of up to 1 kg using high voltage pulses.  All high voltage 
comminution tests were done using this device.  The device specifications are shown in Table 3.3.   
 
Figure 3.7: SELFRAG Lab device at the Julius Kruttschnitt Mineral Research Centre (JKMRC). 
 
The high voltage (HV) power supply steps up the 3-phase grid voltage (400 V) enabling the HV Marx 
generator to generate the high voltage pulses.  The touch screen control panel allows the user to select 
the number of pulses, the electrode gap and the pulse frequency and voltage.  The control panel also 
displays the diagnostic information and the process outcomes.   
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Table 3.3: Specifications of the SELFRAG Lab device at JKMRC. 
Parameters Specifications 
Dimensions Max. L x W x H = 2 m x 0.8 m x 2 m 
Electrical power 3 phase, 12 kVA, 400 V 
Gas circulation Nitrogen 
Maximum power consumption 6 kW 
Pulse voltage 90 – 200 kV 
Pulse frequency 1 – 5 Hz 
Electrode gap 10 – 40 mm 
Number of pulses 1 - 1000 
 
3.2.1.1 Batch treatment 
Batch treatment was used for the majority of the HVP test work to produce a product smaller than 
3.35 mm.  A known mass, ±620 g, of -53.0 + 9.50 mm porphyry copper ore particles was loaded into 
the process vessel, with a mesh size of 4.00 mm, to a certain bed height.  The bed height was kept 
constant to ensure a nominal electrode gap and that the HVP energy is not lost into the water.  
Approximately 2.8 L of de-mineralised water was used to fill the vessel to a set point.  De-mineralised 
water was used because potable water contains dissolved ions which could potentially affect the high 
voltage discharge behaviour.  
 
The process vessel was placed onto the lifting table within the process vessel chamber, shown in 
Figures 3.8 A & B.  The voltage (180 kV), frequency (4 Hz), number of pulses (80) and electrode gap 
(40) were set on the control panel.   
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A B 
Figure 3.8:  SELFRAG process vessel being placed in the process chamber: (A) a close up of the 
process vessel on the lifting table, and (B) the process vessel in conjunction with the electrode. 
 
The lifting table was used to lift the process vessel until the electrode gap setting was reached.  The 
HV power supply was used to charge the HV generator until the set voltage was reached, upon which 
the energy was discharged as high voltage pulses (HVP) from the electrode.  The pulses moved 
towards the bottom of the process vessel which acted as the ground electrode.  The high voltage 
caused the rocks to fragment with the undersize particles falling through the 4 mm apertures.  The 
lifting table was then lowered so that the process vessel could be retrieved.  For safety reasons the 
doors were locked by the device while the lifting table was in motion and during treatment. 
 
Figure 3.9 illustrates the batch treatment process used in this project.  After HVP treatment the 
products were sized on a 3.35 mm screen to produce a final product and an oversize product.   
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Figure 3.9:  Batch treatment process for the porphyry copper ore.   
 
The oversize products from all the batch tests were combined and re-treated once before wet 
screening.  Any remaining oversize was removed and the final undersized products were all 
combined.  The final product was then dried at 70 °C in an oven.   
 
The batch treatment process was conducted twice to minimise the time the samples spent in store, 
thereby reducing environmental oxidation on the fresh surfaces.  Samples for the flotation, MLA, 
FBC and float/sink tests were produced during the first batch treatment process, while the product 
from the second process was used purely for the shaking table test work.  The first batch treatment 
product was split using a rotary splitter into ±1 kg samples for further treatment.   
 
3.2.1.2 Single-particle/single-pulse treatment 
The SELFRAG single-particle/single-pulse (SP/SP) treatment test was developed by Shi et al. 
(2014b) to reduce the inefficiencies of SELFRAG batch treatment.  The batch test on multiple 
particles is energy inefficient, as the high voltage pulses do not necessarily reach every particle and 
the high number of pulses required causes an increase in the process water conductivity, which results 
in pulses discharging through the water.  The single-particle/single-pulse method ensures every 
particle is treated and because the height of the particle is measured, the electrode gap can be 
minimised.  Although there are advantages to using this test method, it is slow and only small amounts 
of ore can be treated hourly.  For this reason batch testing is used when a large mass of ore needs to 
be treated and the energy consumption is not a deciding factor.   
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A single particle, -53.0 + 9.50 mm, was placed in the process vessel with a solid plate replacing the 
4 mm mesh.  The same procedure as the batch treatment (using one pulse only) was followed to 
produce a ±6 kg final product, which was split according to particle size for further JKRBT treatment.   
 
3.2.1.3 Spark and generator energy 
The generator energy is the total energy consumption of the HVP device which can be calculated 
from the capacitance and generator voltage, using equation 3.1 (Van der Wielen, 2013).  The spark 
energy is the energy of the high voltage pulses which induced breakage.  The generator energy is 
useful when determining the economic benefits of HVP treatment, as it includes the inefficiencies of 
the technology and the device.  The spark energy is useful in determining the minimum HVP energy, 
to induce liberation and breakage within a certain ore type.   
  0.5 p = genE
2U C  (3.1) 
where  Egen is the total generator energy input (J) 
  p is the total number of pulses applied  
  C is the total Marx generator capacitance (F)  
  U is the generator charging voltage (V) 
 
The spark energy is determined by the SELFRAG Lab device and is displayed on the control panel.  
During this project there were inconsistencies with the measured spark energies as they were often 
higher than the generator energies.  This, coupled with the project focus being on the overall energy 
consumption, meant that only the generator energies were used.   
 
3.2.2 Mechanical comminution 
3.2.2.1 Crushers 
A small laboratory jaw crusher was used for primary crushing, followed by a Boyd crusher to produce 
a -3.35 mm product from the -53 + 9.5 mm feed.  Previous work on the energy consumptions of the 
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same laboratory crushers was done by Hilden and Michaux (2009).  A three-phase energy meter was 
used in their experiments to determine the no-load and load energy consumptions.  No-load energy 
readings were taken before and after the load tests to determine the experimental error due to noise.  
Their results showed that a porphyry copper ore consumed an average of 1.50 kWh/t.  Their crushing 
procedure for the porphyry copper ore was identical to the one used in this project for the Los Bronces 
porphyry copper ore sample and therefore it was assumed that the energy consumption would be the 
same.   
 
3.2.2.2 Rod mill 
Batch grinding was done using a 260 mm length x 205 mm diameter laboratory rod mill.  The mill 
was run at 80 % critical speed with a stainless steel rod charge of 11040 g, as shown in Table 3.4.  A 
sample mass of 1 kg with a percentage solids 60 was used because of the flotation feed requirements.   
 
Table 3.4:  Media for the rod mill. 
Rod diameter 
(mm) 
Rod length 
(mm) 
Mass per rod 
(g) 
Number Total mass 
(g) 
30.0 255 1430 2 2870 
25.0 255 992 5 4960 
19.0 255 575 4 2300 
12.0 255 227 4 909 
    11040 
 
To determine the grinding curves three samples were ground for 5, 10, and 15 minutes.  The milled 
sample was wet screened to remove the -0.038 mm fines and dried in an oven at 70 °C. The sample 
was then sized using √2 sieve series, placed in a Ro-Tap sieve shaker.  Over the course of the project 
the wear of the rods was monitored and the grinding curves were repeated to ensure that the required 
P80 was achieved.   
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Flotation tests required that the 1 kg samples be milled to three P80 values (0.100, 0.150 and 0.200 
mm).  The sample was milled for the required time, determined using the grinding curve, before being 
transferred immediately to the flotation cell to minimise environmental oxidation.   
 
The net energy consumption of the mill was determined using the method described by Shi et al. 
(2006), where the net energy was taken as the difference between the load and no-load energies.  An 
energy meter recorded the energy consumptions at different mill revolutions to produce the 
relationships shown in Figure 3.10.   
 
Figure 3.10: Rod mill energy consumption in relation to mill revolutions. 
 
The relationships were found to be linear which is congruent with the findings of Shi et al. (2006).  
The energy consumption is governed by the mill driving system and the solids and rod media charge. 
Therefore it was assumed that the relationships were identical for the SELFRAG and mechanically 
treated ores.   
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3.2.2.3 Julius Kruttschnitt rotary breakage tester (JKRBT) 
The Julius Kruttschnitt Rotary Breakage Tester or JKRBT (Kojovic et al., 2009) is commonly used 
for breakage characterisation, but in this project is was used as a comminution device because it has 
a specific impact energy range of 0.001-3.8 kWh/t.  This meant that low energies could be used to 
break the pre-weakened SELFRAG SP/SP product to the required product size.  Figure 3.11 shows 
the JKRBT device which was used in this thesis. 
 
 
Figure 3.11:  JKRBT used to comminute the SELFRAG SP/SP product.  
 
The JKRBT consists of a hand-operated rotary feeder, a rotor-stator impacting device with a drive 
system and an operation control unit.  The device has a diameter of 450 mm and it can reach speeds 
of 5000 rpm.  The speed of the device was determined for each size fraction from the required specific 
impact energy.  The particles were placed into the feeder from which they were randomly guided into 
one of the three guiding radial channels.  Once in the channel the particles were accelerated and 
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ejected from the circumference of the rotor.  The particles impacted the anvil and the broken particles 
were recovered from a container underneath the rotor.   
 
The -53 + 3.35 mm SELFRAG SP/SP product was split into 8 size fractions [-53.0 +37.5 mm; -37.5 
+23.6 mm; -23.6 +19.0 mm; -19.0 +13.2 mm; -13.2 +9.50 mm; -53.0 +6.70 mm; -6.70 +4.75 mm; -
4.75 +3.35 mm], which were individually fed to the JKRBT.  The products were then removed and 
sized into the same 8 size fractions as the feed. The particles smaller than 3.35 mm were classified as 
the final product.  The size fractions were then fed into the JKRBT again for another pass.  Three 
passes were done at 0.500 kWh/t followed by three more at 1.00 kWh/t.  At this point all the particles 
were passing 3.35 mm.  The total specific impact energy used to break the sample to this size was 
calculated to be 1.12 kWh/t.   
 
3.2.3 Batch Flotation 
Batch flotation tests were conducted using the Julius Kruttschnitt Mineral Research Centre 3 L 
bottom-driven cell (Figure 3.12) and the Anglo American Los Bronces flotation procedure.  This 
procedure is confidential, thus no information regarding the reagent dosing, impeller speed and air 
flow rate is detailed in this thesis.   
 
  
Figure 3.12:  JKMRC bottom-driven batch flotation cell. 
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The SELFRAG and mechanically comminuted products underwent flotation at three different P80 
values (0.100, 0.150 and 0.200 mm) with two to four repeats per test.  For each test ± 1 kg of material 
was first ground using a rod mill with 60% solids.  The milled product was immediately transferred 
to the flotation cell and di-mineralised water was used to top up the volume to 3 L.  The experiments 
were conducted in a randomised order to eliminate bias due to different day to day conditions; e.g. 
temperature.   
 
The concentrates and tails of each test were representatively split before combining the products of 
the repeat tests together.  The tails were then sized and sent along with the concentrates to XRF 
analysis for the elemental distributions.  The feed grade was back calculated using the tails and 
concentrate grades.   
 
3.2.4 Gravity separation (Shaking table) 
Wilfley shaking table tests were carried out at the Gekko metallurgical laboratory in Victoria, 
Australia.   The table was set up to produce four concentrates and a tails, as seen in Figure 3.13.   
 
  
A B 
Figure 3.13: Set up of the Wilfley table for gravity separation test work: (A) the separation of the ore 
on the table, and (B) the concentrate and tails collection buckets.   
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The feed rate, table stroke and angle, and the water flow rates were adjusted as per the standard Gekko 
procedure, to produce a constant net particle movement illustrated in Figure 3.14.  The tails products 
were allowed to settle for 12 hours before the water was decanted.  The concentrates and tails were 
dried in an oven at 70 °C, after which they were weighed and bagged before being sent back to the 
JKMRC in Brisbane for XRF sample preparation.   
 
 
Figure 3.14:  Net particle movement on the Wilfley shaking table.   
 
3.3 Analysis techniques 
3.3.1 Julius Kruttschnitt fine particle breakage characterisation (JKFBC) 
The breakage resistance of the mechanically crushed and SELFRAG batch treated products were 
tested using the Julius Kruttschnitt Fine Particle Breakage Characterisation or JKFBC method (Shi 
and Zuo, 2014), shown in Figure 3.15.  The JKFBC is a device which determines particle breakage 
characterisation by establishing a relationship between the specific energy input and the resultant 
product.   
 
The JKFBC consisted of a drive system with a precision torquemeter, which was connected to a shaft 
with a coupling mechanism.  The shaft was attached to a grinding element inside an HGI mill.  Lead 
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plates were placed over the shaft for loading and the torque was recorded using LJlogger V1.12 
software.   
 
Figure 3.15: JKFBC used to measure the breakage resistance.   
 
Four 50.0 g size fractions [-4.00 +2.80 mm; -2.80 +2.00 mm; -2.00 +1.18 mm; -1.18 +0.600 mm] 
were tested at 30, 60 and 90 revolutions.  The t10 was determined from the particle size distribution 
of the JKFBC product in each case.  The t10 is defined as the cumulative percentage of product passing 
through 1/10th of the initial size.  The mass specific energy (ECS) was calculated using equation 3.2: 
m/)ANLT -AL(T N Π 2 = )
1-kg.J( CSE  
(3.2) 
where   TAL is the average load torque (Nm) 
  TANL is the average no load torque (Nm) 
  N is the number of revolutions  
  m is the sample mass (kg). 
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The relationship between t10 and ECS (kWh/t) is shown in equation 3.3 (Napier-Munn et al., 1996).  It 
is important to note that the mass specific energies in equations 3.2 and 3.3 have different units and 
a factor of 1/3600 is used to convert from J/kg to kWh/t.   
)b.Ecs-e -(1 A =  10t  (3.3) 
where   A and b are the ore impact breakage parameters,  
  ECS is the mass specific energy (kWh/t)  
A*b is commonly used to indicate an ore’s resistance to breakage, where higher A*b values 
correspond to less competent/low resistance to breakage ores.  Although this relationship has been 
widely used, it does not take into account the effects of particle size.  Therefore a size-dependent 
model, known as the Mpq model, was developed by Shi and Kojovic (2007), equation 3.4.  In this 
model they incorporated the effect of particle size into the model of Vogel and Peukert (2004).  
]
)]minE -cs(E  .  .mat  
[-
e -1 [ = 10t
kxf
M  (3.4) 
where   M is the maximum t10 for a material subject to breakage (%) 
  fmat is the material breakage property (kg J
-1 m-1) 
  x is the initial particle size (m) 
  k the successive number of impacts with the single impact energy 
  ECS is the mass specific energy (J kg
-1) that was calculated in Eq. 3.2 
  Emin is the threshold energy (J kg
-1).   
 
A*b is now calculated by combining Equations 3.3 and 3.4 to obtain the following relationship: 
xfM  .mat .  . 3600 = b*A
 (3.5) 
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3.3.2 Mineral liberation analysis (MLA) 
Mineral liberation analysis (MLA) employs various analysis methods to determine the mineralogy, 
grain sizes, mineral liberation and associations, and elemental deportment.  Scanning electron 
microscopy (SEM) and energy dispersive X-Ray analysis (EDX) are used to produce backscattered 
electron images, which are able to define different phase boundaries within each particle.  From here 
accurate and detailed particle images and data output can be produced (Burrows & Gu, 2006).   
 
The FEI Quanta 600mk 1 with SEM’s fitted with EDAX SiLi Detectors, shown in Figure 3.16, 
currently at the Julius Kruttschnitt Mineral Research Centre (JKMRC), was used in this project.   
 
 
Figure 3.16: JKMRC Mineral liberation analyser. 
 
Mineral liberation analysis was conducted on SELFRAG batch treated and mechanically crushed Los 
Bronces ore.  Six size fractions (-0.600 +0.425 mm; -0.425 +0.300 mm; -0.300 +0.212 mm; -0.212 
+0.106 mm; -0.106 +0.053 mm; -0.053 mm) were analysed so that the chalcopyrite grain size, 
deportment and phase specific interfacial surface could be determined.   
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Mineral liberation by particle composition was determined by analysing 2D sections of a statistically 
representative set of particles and calculating the percentage of area that is taken up by the valuable 
mineral grain(s).   
 
Fandrich et al. (1997) introduced the idea that the degree of mineral liberation by free surface area 
can be represented by the phase specific interfacial surface area (PSISA).  The PSISA is the surface 
area between the valuable minerals and the gangue per unit volume.  Therefore the smaller the PSISA 
value, the better liberated the valuable minerals area.  Previous studies by Wang (2012) used this 
method of analysis, where the PSISA was calculated using equation 3.6; therefore for comparison, it 
was also adopted in this study.  
F) -(1 PSSA = (1/mm) PSISA  (3.6) 
where   PSSA is the phase specific surface area per unit volume  
  F is the fraction of liberated minerals >95% free surface.   
 
Wang (2012) went on to determine what he called the “chalcopyrite deportment”, but his definition 
of deportment is not congruent to the widely accepted mineralogy definition.  Therefore, to prevent 
confusion, the term “weighted liberation” was used in this project, but it was calculated using the 
same equation, 3.7.   
hA/iLiRiA = (%) iLW  (3.7) 
where   WLi is the weighted liberation of the chalcopyrite in the specific size fraction (i) 
  Ai is the chalcopyrite assay in the ith size fraction (%) 
  Ri is the retained mass percentage in the ith size fraction (%) 
  Li is the >95 % chalcopyrite liberation in the ith size fraction (%) 
  Ah is the chalcopyrite head assay of the unsized sample (%). 
 
In this work the chalcopyrite weighted liberation represents the proportion of the total chalcopyrite 
mass in the comminuted product which is present in the liberated particles in a given size fraction. 
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3.3.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is commonly used for surface chemistry analysis, as it 
provides a straightforward way to collect and interpret surface compositions, oxidation states and 
structural information (Vaughan and Patrick, 1992).   
 
Al Kα (1486.6 eV) X-rays are directed onto the surface of a sample under vacuum, in a pressure range 
of 10-8 – 10-11 torr, which leads to the ejection of photoelectrons from the outmost 5- 10 nm of surface.  
The kinetic energy (Ek) of the ejected photoelectrons is measured using an energy analyser and then 
translated into the binding energy using equation 3.8 (Perry et al., 1990).   
 
sφ -hE- = kE hv  (3.8) 
 
where   Ek is the kinetic energy of the ejected photoelectron (eV) 
  hv is the photon energy supplied by the source anode (eV) 
  Eb is the binding energy of the corresponding elemental orbital (eV) 
  φs is the work function of the spectrometer (eV). 
 
The energies of the photoelectrons are unique to the specific element and oxidation state which they 
came from.  The Kratos Axis Ultra photoelectron spectrometer, shown in Figure 3.17, was used in 
this study. 
 
CHAPTER 3 – EXPERIMENTAL PROGRAM 
 
57 
 
 
Figure 3.17:  Kratos Axis Ultra photoelectron spectrometer at the Centre for Microscopy and 
Microanalysis at the University of Queensland. 
 
XPS analysis was done immediately after mechanical crushing and SELFRAG SP/SP treatment to 
prevent any further surface oxidation changes.  Survey spectra were carried out at a binding energy 
range of 0-1200 eV with 1.0 eV steps and a dwell time of 100 ms.  The high resolution scans were 
run with 0.05 eV steps and 250 ms dwell time.  The charging effect was corrected by setting the 
“adventitious” carbon 1s line to a binding energy of 284.8 eV.  CasaXPS software was used for peak 
fitting and analysis.  Peak fitting was done using a summed Gaussian-Lorentzian function and the 
Shirley method was used for background subtractions. 
 
3.3.4 X-ray fluorescence (XRF) 
X-ray fluorescence (XRF) elemental assaying was done at ALS Geochemistry in Brisbane, Australia.  
All the products in this project underwent ME-XRF15 testing, where the elemental distributions were 
obtained using a lithium borate fusion with the addition of a strong oxidising agent, followed by XRF.   
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3.3.5 Float/ Sink test 
Lithium heteropolytungstate (LST) was used as the heavy liquid as it was readily available and is 
non-toxic.  The high thermal stability of LST meant that after each experiment, it was reboiled to 
obtain the correct specific gravity (SG) for the next experiment.  High temperatures were required 
(65-80°C) to achieve SG values over 3.00, which resulted in the LST being saturated at 3.30.  The 
experiments were therefore conducted at a SG value of 3.20 instead.  Figure 3.18 shows the 
experimental set up for the float/sink tests.   
 
Float/ sink tests were conducted on the Los Bronces SELFRAG batch and mechanically comminuted 
products in the following size fractions; -1.18 + 0.850 mm, -0.850 + 0.424 mm and -0.424 + 0.212 
mm.  Particles larger than 1.18mm were not tested because the equipment was too small, and there 
was an insufficient amount of LST for larger equipment. The funnel was filled with the LST and the 
sample was added.  The mixture was stirred for two minutes to disperse the sample and to prevent 
the LST from crystallising around the cooler particles; after which is was left to settle for two minutes 
and then stirred again.  This was to prevent any entrainment or light material being dragged down.  
The mixture was then allowed to settle until there was no movement of particles.  The experiment 
had to be done in the shortest possible time because the SG of the LST changed as temperature 
dropped.  The sink and float products were then washed and dried before weighing and splitting them 
for XRF analysis.   
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Figure 3.18:  The experimental set up for the float/ sink tests. 
 
3.4 Error analysis 
3.4.1 Fundamental error due to sampling size 
Pierre Gy’s method  was used to determine the fundamental sampling error which arises from sample 
splitting (Pitard, 1993).  This method was chosen, as it takes into account a number of important 
parameters, such as the mineral liberation, mineral densities, particle shapes and sampling sizes.  The 
liberation factor (  ) is calculated using the notion of liberation size, as shown in equation 3.9. 
d
d
 =
l
   
(3.9) 
 
where   dl is the liberation diameter or mineral grain size (mm) 
  d is the particle diameter (mm) 
 
The mineralogical factor (c) is determined from the mineral densities, using equation 3.10.   
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La
] gλLa+ Mλ )La-1( )[La-(1
 =c  
(3.10) 
 
where   aL is the proportion of valuable mineral 
  λM  is the density of the major valuable mineral (g/cm3) 
  λg is the density of the major gangue mineral (g/cm3) 
 
From here the constant factor of constitution heterogeneity (IHL) can be determined, using equation 
3.11. 
3f.g.dc. . =)g(LIH  
(3.11) 
 
where   f is the particle shape factor (0-1) 
  g is the material calibration factor (0-1) 
 
The particle shape factor ranges from 0-1 in most circumstances and it describes the shape of the 
particle.  A true spherical particle has an f factor of 0.523, while needle shaped minerals are 1-10.  
Most ores have a f factor of around 0.5 e.g. pyrite ranges between 0.495 and 0.514.  Soft materials 
have an f value around 0.2 and flaky minerals e.g. biotite are around 0.1.  In this thesis a f factor of 
0.5 was used. 
 
The material calibration factor descries the variation in the size of the particles; where 1 describes 
identically sized particles and 0 describes particles in which none are the same size.  Unclassified 
ores are generally 0.25 and classified 0.5.  Naturally calibrated materials e.g. grains have a g value of 
around 0.75.  In this thesis a g factor of 0.25 was used.   
 
Finally, the fundamental error (σ2 FE ) can be calculated, using the factor of constitution heterogeneity 
and the sample and bulk sample sizes, from equation 3.12.   
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  LIH )
LM
1
 -
SM
1
( =2FEσ
 (3.12) 
 
where   MS is the sample size (g) 
  ML is the bulk sample size (g) 
 
This formula provides a practical means by which to optimise sampling procedures, by minimising 
the fundamental error.   
 
3.4.2 Bootstrap grade-recovery analysis 
The method described by Napier-Munn (2012) was used to compare the ‘AREV’ (Vera et al., 1999) 
flotation models for each comminution method.  The ‘AREV’ model is described in equation 3.13.  
The method is used to determine the statistical error of each ‘AREV’ model so that confidence 
intervals can be fitted around the model. 
R = R* – a sinh(b(ER-1)) (3.13) 
where   ER is the cumulative enrichment ratio 
  R is the recovery at a certain ER 
  R* the maximum recovery at ER=1 
  a and b are model parameters 
 
MCSimSolver (Monte Carlo Simulation solver) was used to fit the ‘AREV’ model 1000 times.  The 
standard errors driving the random number generator become those of the original fit.  The recovery 
values are predicted and calculated 1000 times and a Ƶ test is conducted to assess the statistical 
significance of the difference.   
 
95% confidence intervals are fitted to the models so that comparisons between multiple grade-
recovery curves can be drawn.   
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PRE-WEAKENING AND BREAKAGE BEHAVIOUR  
Previous research has shown that HVP treatment causes pre-weakening in many types of ores. 
However, because the treatment is highly ore dependent the degree of pre-weakening differs widely.  
For this reason pre-weakening and breakage behaviour tests were conducted on the Los Bronces ore 
sample so that the effects of HVP treatment, using the SELFRAG Lab device, could be determined.   
 
4.1 Specific energy consumption 
SELFRAG batch treatment was applied prior to gravity and flotation separation at an average 
generator energy of 21.8 kWh/t, whereas the single-particle/single-pulse (SP/SP) SELFRAG 
treatment was carried out at an average generator energy of 3.43 kWh/t.  Table 4.1 shows the energy 
consumptions for the mechanical crushing and SELFRAG treatment.  The calculations can be seen 
in APPENDIX I.  
 
Table 4.1:  Energy consumptions for mechanical crushing and SELFRAG treatment.   
Breakage device 
Breakage 
device energy 
(kWh/t) 
JKRBT 
energy 
(kWh/t) 
Total energy 
(kWh/t) 
Mechanical 1.5 N/A 1.5 
SELFRAG batch 21.8 N/A 21.8 
SELFRAG SP/SP + JKRBT 3.43 1.12 4.55 
 
SELFRAG batch treatment is highly energy inefficient, as explained in section 3.2.1.1.  Thus excess 
energy was used to produce a -3.35 mm product, which could be directly fed into the rod mill.  The 
large specific energy consumption, 21.8 kWh/t, meant that there was a high probability of micro crack 
generation and improved mineral liberation, optimal characteristics for flotation and gravity 
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separation.  Therefore, SELFRAG batch was considered the ‘best case scenario’ for separation 
improvements. If the experimental recoveries between the SELFRAG batch treatment and 
mechanical comminution were determined to be statistically identical, then SELFRAG treatment at 
other energy levels would not be feasible.   
 
The SELFRAG SP/SP method was developed to reduce the specific energy consumption from 21.8 
kWh/t to 3.43 kWh/t.  However, this method only pre-weakened the ore and minimum energy (1.12 
kWh/t) was applied with the JKRBT to break the particles along the micro cracks.  Therefore, the 
overall energy consumption, to produce a -3.35 mm product was 4.55 kWh/t.   
 
The feed and product size distributions of the SELFRAG batch and SP/SP treated samples are shown 
in Figure 4.1, together with those from the mechanical crushing tests.   
 
 
Figure 4.1:  Los Bronces ore size distributions after mechanical crushing and SELFRAG treatment.   
 
Figure 4.1 shows that the mechanically crushed ore experienced the same amount of breakage as that 
was subjected to SELFRAG batch treatment.  However the energy required for mechanical 
comminution was only 1.50 kWh/t.  Furthermore, if one considers the low amount of breakage 
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obtained with SP/SP SELFRAG treatment, which used more than double the energy of the mechanical 
comminution, it is evident that SELFRAG is a poor breakage device.   
 
Table 4.2 shows the various comminution specific energy requirements to produce particles for 
flotation.  
 
Table 4.2:  Specific energy required for various comminution techniques to produce particles for 
flotation. 
Breakage device 
P80  
(mm) 
Breakage 
device energy 
(kWh/t) 
Milling 
energy 
(kWh/t) 
Total 
comminution 
energy (kWh/t) 
Mechanical 0.100 1.5 19.2 20.7 
 0.150 1.5 14.1 15.7 
 0.200 1.5 11.4 12.9 
SELFRAG batch 0.100 21.8 15.5 37.4 
 0.150 21.8 10.7 32.6 
 0.200 21.8 8.3 30.1 
SELFRAG SP/SP + JKRBT 0.100 4.55 18.8 23.3 
 0.150 4.55 14.3 18.8 
 0.200 4.55 11.8 16.3 
 
These results also showed that the hybrid (SELFRAG treatment with mechanical grinding) treatment 
process was more energy efficient than the pure electrical comminution process, which consumed on 
average 2 to 3 times more than conventional mechanical comminution (Andres et al., 2001a; b).   
 
SELFRAG batch treatment led to significant reductions in the ore’s resistance to breakage and 
therefore less grinding was required than to mill the mechanically crushed product to the same particle 
size distribution.  The energies required for milling the SELFRAG batch products were ±3.50 kWh/t 
less than the mechanically comminuted products.  However these energy savings do not make up for 
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the high energy consumption, 21.8 kWh/t, used during the SELFRAG batch treatment itself.  
Consequently, the deficit will need to come from savings in downstream processes such as flotation, 
tailings treatment and smelting.   
 
The SELFRAG SP/SP method consumed significantly less energy than the SELFRAG batch method 
and the final product after JKRBT had a similar resistance to breakage (evident from the similar 
milling energy consumptions) to the mechanically comminuted product.  The overall energy 
consumptions were higher than the mechanical energies and again the benefit will need to come from 
downstream processes in terms of improved grade and recovery.   
 
4.2 Pre-weakening comparison 
4.2.1 Fine particle breakage characterisation (FBC) 
The Julius Kruttschnitt fine particle breakage characterisation (JKFBC) test was conducted on four 
size fractions of the SELFRAG batch treated and mechanically crushed products.  The products of 
the test were sized to determine the t10 values, using equation 3.3, which were then plotted against the 
associated mass specific energies, shown in Figure 4.2(A).  Equation 3.4 was used to determine the 
size dependent model (Mpq fit); where k and Emin were assumed constant at 1 and 0 respectively.  
The A*b values were then determined using equation 3.5. 
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Figure 4.2:  JKFBC results for mechanical and SELFRAG treated particles. The four size fractions  
[-4.00 +2.80 mm; -2.80 +2.00 mm; -2.00 +1.18 mm; -1.18 +0.600 mm] that were used in the 
experiments are represented by the size of the plotted data points, where -1.18 +0.600 mm is 
represented by the smallest dots and -4.00 +2.80 mm the largest.  
 
The SELFRAG batch treated particles, compared to the mechanically treated particles, produced 
much finer JKFBC breakage products across all particle size fractions.  SELFRAG batch treatment 
also showed greater changes to the ore’s breakage resistance across the different size fractions.  Figure 
4.3 shows the percentage change in the 1A*b value after SELFRAG treatment, compared to 
mechanical comminution.  This A*b value is specific to the JKFBC test, calculated at a nominal 
particle size 2 mm. It should not be compared to other breakage characterisation values determined 
for different particle sizes.   
 
 
 
 
 
 
1A*b indicates the ore’s resistance to impact breakage or competence; with large A*b values 
indicating less competent ores.  
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Figure 4.3:  Percentage change of the ore’s resistance to breakage (A*b value) after SELFRAG batch 
treatment. 
 
Figures 4.2 and 4.3 show strong evidence that SELFRAG treatment significantly reduces the 
competence of the Los Bronces ore, with a 250% increase in the A*b value in the 2.80- 4.00 mm size 
fraction.  The pre-weakening benefits are evident in all the products, but they decrease as the particles 
become finer.  
 
The JKFBC results also demonstrate that for both comminution devices, larger particles tended to 
produce larger t10 values.  This could be due to size effects as well as mineralogical effects on particle 
breakage.  Size effects on particle breakage are well documented, with researchers concluding that 
large particles tend to be less competent because of their higher micro-crack densities (Tavares and 
King, 1998).  The mineralogical effect can be seen in non-random breakage ores, where the minerals 
do not evenly distribute throughout the size fractions.  Competent liberated minerals are more likely 
be found in the size fractions closest to their grain sizes.   For this reason, samples were sent to XRF 
to determine the copper and silicate distributions in the different size fractions.  The results are shown 
in Figure 4.4.   
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Figure 4.4:  Copper and silicate elemental distribution in different size fractions of the products of 
mechanical crushing and SELFRAG batch treatment.   
 
As expected the SELFRAG treated samples had higher silicate grades than the mechanically crushed 
samples because pure silicates are not amenable to high voltage treatment and they remain in the 
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and SELFRAG treated t10 values.  The silicate grades did not change significantly across the size 
fractions for the mechanically crushed samples and the only noticeable change for the SELFRAG 
treated samples was the -1.18 + 0.600 mm size fraction.  This shows that mineralogical effects did 
not cause the larger particles to have higher t10 values and that this can be attributed rather to the 
particle size effect due to micro-crack generation.   
 
The copper assays in the SELFRAG samples were found to increase as the size fractions decreased, 
while the mechanical samples remained unchanged.  Again these differences were < 1%, so they were 
assumed negligible.  However, they do indicate that the mineral liberation increased with SELFRAG 
treatment, with the -1.18 + 0.600 mm size fraction showing the largest improvement.   
 
4.2.2 Rod mill 
Grinding curves, Figure 4.5, were obtained prior to flotation, so that the milling time required to 
produce a certain P80 could be determined.  These curves were also useful in determining what 
grinding energy savings is attainable with the implementation of SELFRAG treatment.   
  
Figure 4.5:  Grinding curves of mechanically and hybrid SELFRAG batch comminuted Los Bronces 
ore.   
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The hybrid SELFRAG batch and mechanically comminuted products that were fed into the rod mill 
had similar size distributions.   A large difference can be seen after the first 5 minutes of rod milling 
but as grinding time increased the difference decreased.  This is due to the particles containing a large 
number of micro cracks initially, but as breakage occurred the number of micro cracks decreased and 
the particles became more resistant to breakage.  Thus, the benefits of the SELFRAG batch treatment 
were lost after long grinding periods.   
 
These results mirror the ones seen in the JKFBC, section 4.2.1, where the benefits of SELFRAG batch 
treatment are more evident at larger particle sizes.  It is therefore important, for froth flotation, to 
grind to the coarsest size possible to take full advantage of the benefits that novel comminution 
devices offer.   
 
The grinding curves for the SELFRAG SP/SP treated samples after JKRBT treatment are shown in 
Figure 4.6.  The term ‘hybrid’ refers to samples which have undergone SELFRAG SP/SP treatment 
followed by JKRBT and rod milling.   Prior to the SELFRAG SP/SP flotation test work, the laboratory 
rod mill shell was changed.  This influenced the grinding curves and therefore the exact grind times 
cannot be directly compared to the ones in Figure 4.5.  However, the mechanically comminuted 
samples were included as they give insight into the ore’s competence overall.   
 
The SELFRAG SP/SP treatment only caused a small amount of particle size reduction, however it 
led to the pre-weakening of the particles.  The JKRBT was therefore required to impart the minimum 
energy, 1.12 kWh/t (Table 4.1), for breakage into the pre-weakened particles, so that a product 
suitable for rod milling, -3.35 mm, could be produced.  The SELFRAG SP/SP followed by the JKRBT 
method consumed 4.55 kWh/t (Table 4.1), compared to the mechanical comminution energy 
consumption of 1.50 kWh/t.   
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Figure 4.6:  Grinding curves of SELFRAG SP/SP treatment followed by JKRBT, using Los Bronces 
ore. 
 
Figure 4.6 shows that the SELFRAG SP/SP treatment followed by JKRBT led to a coarser product 
(rod mill feed) when compared to the mechanically crushed product.  The hybrid grinding curves 
closely matched the mechanical comminuted curves because the low JKRBT energy caused the 
particles to break along the micro cracks and the remaining particles were no long pre-weakened.  
Thus, the competence of the “SELFRAG SP/SP + JKRBT” treated and mechanically crushed 
products (rod mill feeds) were the same but the mineral liberation was expected to be different.   
 
It is important to note that the particle size distributions for the required P80s (0.100, 0.150 and 0.200 
mm) were identical for the different comminution methods, and thus all the flotation results are 
comparable.  
 
4.3 Potential implications on current comminution circuit 
As described in section 3.1.2, Confluencia is a grinding circuit consisting of a SAG mill (40.0 ft in 
diameter and 23.5 ft in length) associated with two ball mills (26.0 ft in diameter and 41.5 ft in length) 
and a pebble crushing stage.  The milling circuit configuration is SABC-B when running normally 
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but currently the circuit is running in a different configuration, shown in Figure 4.7, where the pebble 
crusher product is going to the ball mill.   
 
2 Ball Mills
SAG Mill
Process water
Coarse ore
Pebble
Crushers
Pebble Bin
Flotation
Vibratory
screen
 
Figure 4.7: Current grinding circuit configuration at Confluencia, Los Bronces (from Figure 3.5). 
 
Work by Van der Wielen et al. (2013) found that +20.0 mm particles were more amenable to 
SELFRAG treatment which meant that the SELFRAG device would be best implemented prior to 
grinding.  This idea can also be seen in the hybrid SELFRAG comminution circuit (Figure 2.4), 
designed by Shi et al. (2014a), where the SELFRAG treated ore went straight to the SAG mill.  It is 
important to note that in the work of by Van der Wielen et al (2013) and Shi et al (2014a) the 
SELFRAG device was used to pre-weaken the sample.   
 
By looking at the particle size distributions of various streams in the Confluencia circuit, shown in 
Figure 4.8.  It was determined that the only streams viable for SELFRAG treatment were the SAG 
feed or the crusher product stream.  The SAG feed and RoM size distributions were identical because 
the crusher products were being fed to the ball mills.  The P80 and top size were 80.5 mm and 300 mm 
respectively.  To treat most of the ore, the SELFRAG device would best be implemented in the SAG 
feed stream, prior to the crusher product recycle (if it were added to the SAG mill again).   
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Figure 4.8: Particle size distributions for various Confluencia processing steams.   
 
A screen, with a similar set up to the one recommended by Shi et al. (2014a), would need to be 
installed prior to the SELFRAG device to remove the -9.50 mm undersize and 150 mm oversize 
particles from the SELFRAG feed stream.  With this design the SELFRAG device could treat 72.5% 
of the RoM feed.  Shi et al (2014a) predicted, using a model, that the addition of the a 4 kWh/t 
SELFRAG device would lead to the removal of two pebble crushers and an overall energy savings 
of 5 kWh/t.  This highlights the major disadvantage of SELFRAG batch treatment, where the device’s 
large energy consumption of 21.9 kWh/t results in overall energy savings being unattainable.  With 
SELFRAG SP/SP treatment the energy consumption was reduced to 3.43 kWh/t, as the method 
merely pre-weakens the samples.  However, on a plant scale this energy would be higher as it is not 
possible to treat single particles at a time.  That being said, the larger continuous SELFRAG devices 
are also more energy efficient than the smaller laboratory devices, which makes it difficult to 
determine the optimal specific energy.   
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Although the optimal specific energy is unknown, the results from the SELFRAG SP/SP tests and the 
model of Shi et al (2014a) indicate that SELFRAG pre-weakening would reduce the required grinding 
times and energy savings could be realised.    
 
4.4 Conclusion 
The JKFBC results indicated that SELFRAG batch treatment on Los Bronces ore significantly 
reduced the ore’s resistance to breakage and therefore the energies required for milling the SELFRAG 
batch treated products were ±3.5 kWh/t less than the energy required to mill the mechanically crushed 
products.  However the savings in grinding do not make up for the high energy consumption, 21.8 
kWh/t, used during the SELFRAG batch treatment itself.  Consequently, the deficit will need to come 
from savings in downstream processes such as flotation, tailings treatment and smelting.   
 
The grinding curves showed that the SELFRAG batch treated samples were significantly less 
competent when compared to the mechanically crushed product.  The maximum benefit of SELFRAG 
batch treatment could be seen in the first 5 minutes, after which the ore’s competency differences 
decreased, as the micro cracks were removed through breakage.    
 
The SELFRAG SP/SP method was developed to reduce the consumed energy so that overall energy 
savings could be realised.  In this method, SELFRAG treatment merely pre-weakened the ore with 
little to no breakage.  The JKRBT was then required to add the minimal energy to break the particles 
to -3.35 mm.  This method consumed 4.55 kWh/t and the product had the same resistance to breakage 
(evident from the similar milling energy consumptions) as the mechanically crushed product.  This 
was because the JKRBT used low energies to break the particles along the micro cracks, thus the 
particles were no longer pre-weakened.  The overall energy consumptions, for the three P80 flotation 
tests, were higher than the mechanical energies and again the energy savings will need to come from 
downstream processes.   
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MINERAL LIBERATION AND SURFACE CHEMISTRY 
Previous research has shown that SELFRAG treatment leads to improved mineral liberation in 
coarser particles, however, the improvements are highly dependent on the ore type.  There has been 
no research on how the highly oxidative environment created during SELFRAG treatment affects the 
surface chemistry of the valuable minerals.  To investigate this, MLA and XPS were carried out on 
the products of SELFRAG batch treatment and mechanical curshing, to better understand the effects 
of SELFRAG treatment on the two important factors affecting flotation performance: mineral 
liberation and surface chemistry. 
 
5.1 Elemental and mineral liberation analysis 
Mineral liberation analysis (MLA) was done on the -0.600 mm size fractions of SELFRAG batch 
treated and mechanically crushed products, produced at specific energies of 21.8 and 1.50 kWh/t.  It 
was decided that the larger particles, -3.35+ 0.600 mm, would undergo only modal mineralogy 
analysis, because the large size of the particles meant that the mineral liberation results would be 
inaccurate.  The MLA data can be seen in APPENDIX II.   
 
5.1.1 Modal mineralogy 
The modal mineralogy results, shown in Table 5.1, show that chalcopyrite was the main copper-
bearing mineral with a copper distribution of over 97%.  The remaining copper was split between 
bornite and chalcocite.  The major gangue minerals were quartz, muscovite, plagioclase and 
orthoclase.  There was also a significant amount of pyrite, magnetite, biotite and chlorite.   
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Table 5.1: Comparison of the modal mineralogy of SELFRAG and mechanically comminuted 
products. 
Weight (%) SELFRAG batch Mechanical 
Mineral -0.053 +0.053 +0.106 +0.212 +0.3 +0.425 +0.600 -0.053 +0.053 +0.106 +0.212 +0.300 +0.425 +0.600 
Pyrite 7.53 7.33 7.09 6.09 3.77 2.21 2.56 2.1 2.82 3.46 2.68 2.39 2.1 2.03 
Arsenopyrite 0 0.01 0.03 0.03 0.01 0.01 0 0 0 0.01 0 0 0 0 
Chalcopyrite 17.32 10.53 8.02 8.01 6.23 4.57 4.87 7.08 5.38 3.92 3.51 3.36 3.4 4.09 
Bornite 0.32 0.13 0.14 0.07 0.07 0.03 0.05 0.08 0.13 0.16 0.09 0.08 0.1 0.08 
Chalcocite 0.41 0.15 0.1 0.03 0.04 0.04 0.03 0.15 0.08 0.06 0.04 0.03 0.03 0.02 
Covellite 0 0 0 0 0 0 0 0 0.02 0.01 0.01 0.01 0.01 0 
Tetrahedrite 0.07 0.01 0 0 0 0 0 0.03 0 0 0 0 0 0 
Molybdentite 0 0.03 0 0 0 0 0 0 0 0 0 0 0 0 
Galena 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Plagioclase 15.35 17.78 17.31 17.82 19.53 21.93 14.15 12.99 16.59 16.23 17.03 17.59 18.55 12.66 
Orthoclase 4.49 6.32 7.17 7.29 8.21 8.44 8.09 7.48 8.53 8.71 8.57 8.55 8.97 8.88 
Quartz 21.17 32.6 36.12 34.56 35.2 33.38 34.2 21.83 29.78 32.26 30.68 30.81 30.33 31.66 
Olivine 0.51 0.36 0.3 0.27 0.32 0.36 0.37 0.75 0.47 0.46 0.36 0.4 0.41 0.52 
Orthopyroxene 0 0 0 0 0 0 0 0.01 0 0 0 0 0 0 
Clinopyroxene 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0.02 
Amphibole 0.42 0.39 0.45 0.48 0.55 0.59 0.38 0.63 0.42 0.43 0.41 0.37 0.58 0.38 
Biotite 4.41 2.96 2.07 2.12 2.14 2.68 3.4 6.74 4.75 4.05 4.41 4.36 4.09 5.07 
Chlorite 3.51 2.38 2.21 2.41 2.22 2.36 2.95 3.18 2.2 2.32 2.01 2.01 1.81 2.88 
Muscovite 17.88 14.81 15.57 17.59 18.77 20.52 26.45 31.4 24.58 24.61 26.14 26.19 25.67 28.17 
Talc 0 0 0.01 0 0 0 0.01 0 0 0 0 0 0 0.01 
Andradite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Grossular 0.04 0.06 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.05 0.02 0.02 0.02 0.01 
Magnetite 5.02 3.11 2.68 1.95 1.68 1.45 2 4.42 3.23 2.44 2.53 2.25 2.22 2.97 
Rutile 0.38 0.28 0.16 0.19 0.16 0.16 0.18 0.39 0.24 0.17 0.15 0.15 0.16 0.13 
Ilmenite 0.13 0.12 0.08 0.15 0.11 0.1 0.1 0.14 0.22 0.19 0.18 0.19 0.19 0.15 
Titanite 0.03 0.05 0.03 0.04 0.05 0.06 0.04 0.1 0.06 0.06 0.04 0.05 0.08 0.06 
Calcite 0.19 0 0 0 0 0 0 0.02 0 0.03 0 0 0 0.02 
Apatite 0.56 0.33 0.27 0.22 0.19 0.13 0.12 0.4 0.23 0.17 0.17 0.17 0.17 0.18 
Other 0.11 0.03 0.01 0.04 0.02 0.01 0.02 0.03 0.09 0.11 0.02 0.02 0.02 0.02 
Unknown 0.12 0.21 0.15 0.61 0.71 0.95 0 0.05 0.15 0.08 0.96 1.01 1.09 0 
Low_Counts 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
No_XRay 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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Los Bronces Confluencia produces a copper/molybdenum concentrate, which makes molybedenite a 
mineral of interest in this project.  However, because there were only trace amounts found in the ore 
sample, it was impossible to compare the molybdenite percentages of the SELFRAG batch treated 
and mechanically crushed products and thus it was not included in this thesis.   
 
Overall the SELFRAG batch treated product contained a larger percentage of copper bearing 
minerals, when compared to the mechanically crushed product.  XRF results showed that the copper 
head grade of the SELFRAG batch treated product was 1.82%, while that of the mechanically crushed 
product was only 1.57 %.  The large difference could be due to the sampling procedures used and/or 
the distribution of the valuable minerals within the ore.   
 
The sampling fundamental error was determined, for all the experimental products, using Pierre Gy’s 
method, as described in section 3.4.1.  For this method it was assumed that all the copper was present 
as chalcopyrite and the gangue as silicates.  The calculated sampling standard deviation and the XRF 
results can be seen in Table 5.2.  The chalcopyrite standard deviation included all the splitting and 
analysis errors which were introduced throughout the experiment.  The primary splitting stage (large 
rotary splitting) is shown in Table 5.2, as it introduced 86-95% of the standard deviation.  The actual 
difference was the difference between the average chalcopyrite head grade of the ore and the 
measured value for each experiment.   
 
Table 5.2:  Fundamental error due to sampling procedures.  
  
Cu grade 
(%) 
CuFeS2 
grade (%) 
CuFeS2 std. 
dev (%) 
Primary stage 
std. dev (%) 
Actual 
difference 
(%) 
Mechanical          
     Flotation 1.57 4.44 6.43 5.81 11.00 
     Gravity separation 1.90 5.38 6.43 5.81 7.71 
SELFRAG batch      
     Flotation 1.82 5.15 5.20 4.47 3.17 
     Gravity separation 1.86 5.26 5.31 4.60 5.44 
SELFRAG SP/SP      
     Flotation 1.67 4.72 9.14 8.71 5.33 
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Table 5.2 shows the presence of large chalcopyrite standard deviations, suggesting that the copper 
head grade differences were caused by the sampling procedures used.  However, for the mechanical 
flotation product the actual difference (11%) is larger than the standard deviation.  This suggests that 
the splitting was not representative and the mechanically crushed sample contained less copper.  It is 
important to keep this in mind when comparing the mineral liberation results, as the differences may 
be a result of the head grade differences.  Back calculating the feed copper grades for the mechanical 
flotation test work also (shown in APPENDIX III) showed a much smaller average of 1.40% 
compared to the measured value of 1.57%.  This indicates a possible issue with the XRF analysis and 
therefore enrichment ratios were used in the flotation analysis.   
 
In Table 5.1 the large copper mineral percentages in the smaller size fractions indicate that SELFRAG 
treatment led to preferential breakage.  This can also be seen in Figure 5.1, which shows the electron 
optical images for the SELFRAG batch treated and mechanically crushed products, in the -0.300 
+0.212 mm and -0.212+ 0.106 mm size fractions.   
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Figure 5.1:  Electron optical images showing SELFRAG batch and mechanical particles in two size 
fractions (-0.300 +0.212 mm and -0.212+ 0.106 mm).   
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5.1.2 Chalcopyrite mineral liberation 
Figure 5.2 presents the chalcopyrite abundance and mass percentage in the >95% liberated class for 
the Los Bronces SELFRAG batch treated and mechanically crushed products.   
  
A B 
Figure 5.2:  Chalcopyrite abundance (A) and > 95% liberation (B) by size for SELFRAG batch treated 
and mechanically crushed products.   
 
These results were used to determine the chalcopyrite weighted liberation, using equation 3.7, which 
is shown in Figure 5.3.  The weighted liberation is the percentage of the overall chalcopyrite mass in 
each size fraction present as >95% liberated chalcopyrite.  Figures 5.2 and 5.3 show that at the coarser 
size fractions (+0.106 mm), the SELFRAG batch treated product contains a higher amount of 
liberated chalcopyrite.  The chalcopyrite weighted liberation in the SELFRAG batch treated product 
was more than double the mechanically crushed product in three size fractions (-0.425 +0.300 mm, -
0.300 +0.212 mm and -0.212+ 0.106 mm).  This shows the extent to which the mineral liberation 
improved.  The improvement in mineral liberation appears to decrease in the -0.600 +0.425 mm size 
fraction, as the particles become too large for chalcopyrite to be liberated.   
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Figure 5.3: Weighted liberation of > 95% liberated chalcopyrite by size, of SELFRAG batch treated 
and mechanically crushed products. 
 
In the -0.106 +0.053 mm size fraction the trend changes and the chalcopyrite weighted liberation was 
similar for the two comminution methods.  The two types of comminution methods have similar 
chalcopyrite mineral liberations because of the 0.120 mm grain size.  The SELFRAG device liberates 
valuable minerals but it does not cause a size reduction of the mineral grains.  In the -0.053 mm size 
fraction, the chalcopyrite weighted liberation was 2.3 times larger in the mechanically comminuted 
product.  Therefore, there are no advantages of using SELFRAG treatment to produce liberated 
chalcopyrite particles below the chalcopyrite’s average grain size.   
 
5.1.3 Phase specific interfacial surface area 
Phase specific interfacial surface area (PSISA) is an important indicator for froth flotation as it 
indicates the extent to which the valuable mineral grain is interlocked in gangue minerals, and the 
surface area that is available for the flotation bubbles to adhere to.  The PSISA results are presented 
in Figure 5.4.   
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Figure 5.4:  Phase specific interfacial surface area of chalcopyrite in Los Bronces ore, SELFRAG 
batch treated and mechanically crushed. 
 
The SELFRAG batch treatment shows better liberation, with less chalcopyrite interlocked with other 
minerals, and therefore the flotation response is likely to better.  These results correspond to the 
mineral liberation results, where the largest improvements were seen in the -0.425 +0.300 mm, -0.300 
+0.212 mm and -0.212+ 0.106 mm size fractions.   
 
5.1.4 Mineralogical limiting grade-recovery curves 
The mineralogical limiting grade-recovery curves, for each size fraction, were determined from the 
MLA data and are shown in Figure 5.5.  These curves describe the maximum copper recovery, for a 
set copper grade, which could be attained by a perfect separation process.  
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Figure 5.5:  Mineralogical limiting grade-recovery curves for SELFRAG batch treated and 
mechanically crushed Los Bronces ore.   
 
Figure 5.5 shows significant grade-recovery improvements with SELFRAG treatment, in all the size 
fractions above 0.053 mm.  For the -0.212 +0.106 mm particles a maximum recovery of 100% is 
possible at a high copper grade of 23%, but as the particle size increases the copper grades decrease, 
because of the decrease in mineral liberation.  The largest differences between the SELFRAG and 
mechanically comminuted grades and recoveries are seen in the -0.425+ 0.300 mm and -0.300+ 0.212 
mm size fractions.  The difference is less in the -0.600 +0.425 mm size fraction, indicating that the 
chalcopyrite mineral liberations are more closely matched, as the particles become too large for the 
chalcopyrite to be liberated.   
 
Figure 5.5 shows that the maximum benefits of SELFRAG treatment would be attained by separating 
-0.425+0.212 mm particles; however, there may not be suitable separation techniques to achieve 
results close to these mineralogical curves and the grades may be too low for the downstream 
processes.   
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5.2 Surface chemistry analysis 
During SELFRAG treatment the extreme heat of the plasma channel exposes the mineral grain 
surfaces to highly oxidative conditions, which has shown to cause changes in the surface chemistry 
(Van der Wielen, 2013).  Surface chemistry analysis, using XPS, was therefore carried out (refer to 
section 3.3.3) to determine the extent of chalcopyrite oxidation after SELFRAG treatment.  The 
binding energies used in this thesis to interpret the XPS results are detailed in Table 5.3.   
 
Table 5.3: Binding energy and speciation for the elements that underwent XPS analysis. 
 
 
 
 
 
 
 
 
 
 
 
Figures 5.6 and 5.7 show the XPS survey spectra for the surfaces of the SELFRAG SP/SP treated and 
mechanically crushed chalcopyrite.  There are clear differences between the two figures with a 
noticeable difference in the amount of oxygen present.  The presence of surface contaminants (carbon 
and oxygen) formed by air exposure and hydrocarbon contamination is common on sample surfaces, 
and the silicate impurities in the electrically comminuted product could account for some of the oxides 
present.  However, the considerably higher oxygen peak indicates that oxidation must have occurred, 
and to a much higher degree in the SELFRAG SP/SP treated sample.  This is evident in the higher 
resolution sulphur and iron spectra shown in Figure 5.8.   
 
 
Element Species Photoelectron peak Binding energy (eV) 
Sulphur Chalcopyrite 2p3/2 161.6 
 Disulphide 2p3/2 162.4 
 Polysulphide 2p3/2 163.3 
 Sulphate 2p3/2 168.8 
Carbon C 1s 284.8 
Oxygen Hydroxide/C-O 1s 531.6 
 Oxide 1s 529.7 
Iron Sulphide 2p3/2 707.4 
 Oxide 2p3/2 710.8- 712 
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Figure 5.6:  XPS survey of mechanically comminuted chalcopyrite. 
 
Figure 5.7:  XPS survey of SELFRAG SP/SP treated chalcopyrite. 
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Mechanical SELFRAG 
  
A 
  
B 
Figure 5.8:  Higher resolutions (A) the S-2p spectra, and (B) the Fe-2p3 spectra, for mechanically 
crushed and SELFRAG SP/SP treated chalcopyrite, respectively.   
 
XPS results show that the SELFRAG SP/SP treatment caused extensive oxidation of the chalcopyrite, 
with a large decrease in the chalcopyrite peak at 161.0 eV.  Both products have strong 
disulphide/monosulphide peaks, indicating iron oxidation has occurred leaving copper sulphides on 
the surface.  However, the SELFRAG SP/SP treated chalcopyrite had a larger polysulphides (163.3 
eV) contribution, with the mechanical peak closer to the disulphide binding energy (162.3 eV), also 
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indicating the SELFRAG SP/SP treated sample has a more developed passivating layer.  The presence 
of sulphates (168.8 eV) in the SELFRAG SP/SP treated sample shows evidence of further oxidation 
of the sulphides into sulphates.   
 
The Fe 2p spectrum shows the iron in the bulk chalcopyrite (707.4 eV) decreased significantly with 
SELFRAG SP/SP treatment, when compared to mechanical comminution. Both products showed the 
presence of iron oxides (Fe2O3 and FeOOH ) near 711.0 eV, with the SELFRAG SP/SP treated 
product showing additional iron hydroxide (Fe(OH)3) at 713.5 eV, while the mechanically 
comminuted product had iron oxide (FeO) present at 709.0 eV.   The degree of iron oxides was 
considerably more on the SELFRAG SP/SP treated surfaces, which reinforces the fact that SELFRAG 
treatment caused considerably more surface oxidation than mechanical crushing. 
 
5.3 Conclusion 
Modal mineralogy and XRF results showed that the copper head grade differed between the 
SELFRAG batch treated and mechanically crushed products.  This was attributed to the primary stage 
of sampling, large rotary splitting, where large standard deviations were introduced.   
 
Mineral liberation results showed that chalcopyrite was more liberated in the SELFRAG batch treated 
product than in the mechanically crushed product, noticeably in the coarse (-0.425 +0.300 mm, -0.300 
+0.212 mm and -0.212+ 0.106 mm) size fractions.  The phase specific interfacial area decreased with 
SELFRAG batch treatment, suggesting that the flotation response was likely to improve.   
 
Although SELFRAG improved the valuable mineral liberation, it has also led to measurable surface 
chemistry changes.  The surface chemistry of pure chalcopyrite was investigated, using X-ray 
photoelectron spectroscopy (XPS).  The high resolution results showed that both SELFRAG SP/SP 
treatment and mechanical crushing led to the iron oxidising preferentially, leaving behind a copper 
sulphide passivating layer.  However, the SELFRAG SP/SP treatment caused significantly more iron 
oxidation and the sulphides were further oxidised into sulphates.  
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SEPARATION RECOVERIES AND PERFORMANCE 
Mineral liberation analysis has shown that SELFRAG treatment improved the chalcopyrite 
mineral liberation, therefore there is an expectancy that the gravity separation grades and 
recoveries will improve.  However, the same cannot be said for froth flotation, as XPS analysis 
has shown that SELFRAG treatment caused significant surface oxidation.  Gravity separation 
and froth flotation tests were therefore conducted to determine the actual effects of SELFRAG 
treatment on the separation grades and recoveries of Los Bronces ore.   
 
6.1 Gravity separation 
Figure 6.1 was constructed using the specific gravity (SG) of the minerals found in Los Bronces 
ore to determine the optimum split density.  The SG values of minerals are not precise, as with 
metals, because of compositional and structural differences.  The copper bearing minerals are 
represented in blue, molybdenum minerals in black and the gangue minerals in green.  The red 
line shows the proposed density split point, which ensures that all the copper bearing minerals 
are in the concentrate.  There was negligible chalcanthite in the Los Bronces ore sample, so it 
was not taken into consideration when determining the cut SG.   
 
The concentration criterion table, Table 6.1, was constructed using equation 2.1 and water as 
the suspending fluid.  Figure 2.11 (Burt, 1984) shows that for -1.180+ 0.212 mm particles a 
concentration criterion of above 1.8 indicates that the two minerals are separable.  In Table 6.1 
these values are highlighted in green.  Figure 6.1 and Table 6.1 show that there was a high 
probability that the copper bearing sulphide minerals could be separated from the silicate 
gangue minerals, using gravity separation techniques.  However, these techniques assume that 
the minerals are pure or fully liberated, which represent the best case scenario.   
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Figure 6.1: Specific gravities of the minerals found in Los Bronces porphyry copper ore. 
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Table 6.1:  Gravity concentration criterion using Eq. 2.1 for Los Bronces porphyry copper ore. 
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Chalcocite 1.0 1.1 1.1 1.2 1.2 1.3 1.3 1.4 1.5 1.6 2.1 2.1 2.4 2.5 2.7 2.8 2.9 2.9 7.5 
Magnetite  1.0 1.0 1.0 1.1 1.1 1.1 1.3 1.3 1.5 1.9 1.9 2.2 2.2 2.4 2.5 2.6 2.6 6.7 
Bornite   1.0 1.0 1.1 1.1 1.1 1.3 1.3 1.4 1.8 1.9 2.2 2.2 2.4 2.4 2.5 2.6 6.6 
Pyrite    1.0 1.1 1.1 1.1 1.2 1.3 1.4 1.8 1.8 2.1 2.1 2.3 2.4 2.5 2.5 6.5 
Ilmenite     1.0 1.0 1.0 1.2 1.2 1.3 1.7 1.7 2.0 2.0 2.2 2.2 2.4 2.4 6.1 
Covellite      1.0 1.0 1.1 1.2 1.3 1.7 1.7 1.9 2.0 2.2 2.2 2.3 2.3 6.0 
Molybdentite       1.0 1.1 1.1 1.3 1.7 1.7 1.9 2.0 2.1 2.2 2.3 2.3 5.9 
Rutile        1.0 1.0 1.1 1.5 1.5 1.7 1.7 1.9 1.9 2.0 2.0 5.3 
Chalcopyrite         1.0 1.1 1.4 1.5 1.7 1.7 1.9 1.9 2.0 2.0 5.2 
Olivine          1.0 1.3 1.3 1.5 1.5 1.7 1.7 1.8 1.8 4.6 
Amphibole           1.0 1.0 1.2 1.2 1.3 1.3 1.4 1.4 3.6 
Apatite            1.0 1.2 1.2 1.3 1.3 1.4 1.4 3.5 
Biotite             1.0 1.0 1.1 1.1 1.2 1.2 3.1 
Muscovite              1.0 1.1 1.1 1.2 1.2 3.0 
Calcite               1.0 1.0 1.1 1.1 2.8 
Plagioclase                1.0 1.0 1.1 2.7 
Quartz                 1.0 1.0 2.6 
Orthoclase                  1.0 2.6 
Chlorite                   1.0 
 
6.1.1 Float/ sink tests 
Float/ sink tests were conducted on the Los Bronces copper ore sample to determine the effects 
of SELFRAG treatment on the gravity separation grades and recoveries.  The procedure is 
described in section 3.3.5.   
 
A dense liquid with a SG of 3.2 was used and the mass fractions of the sinks from the 
experiments can be seen in Figure 6.2.   
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Figure 6.2:  Mass fraction of the sinks for SELFRAG batch treated and mechanically crushed 
products. 
 
The results show that the -1.180 + 0.850 mm size fraction of the mechanically comminuted 
product had a larger mass fraction reporting to the sinks than the SELFRAG treated product.  
The opposite was seen in the other two size fractions.  An increase in the mass fraction reporting 
to sinks was expected, because of the increased mineral liberation with SELFRAG batch 
treatment.  The high mass fraction of sinks in the -1.180 + 0.850 mm size fraction of the 
mechanically comminuted product is thought to have been caused by the LST (lithium 
heteropolytungstate, used as the heavy liquid in the float/ sink tests) crystallising during the 
experiment.  The LST was close to saturation point during the experiments which meant that 
when the sample was added, stirring was required to prevent crystallisation around the cooler 
particles.  During the -1.180 + 0.850 mm experiment the LST crystallised around some of the 
particles whilst stirring was taking place and the sample remained on the surface of the liquid.  
As a result, there were fewer sinks and the mass fractions were not representive.   
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The feed, float and sink samples were sent for XRF analysis and the results can be seen in 
Table 6.2.  The feed samples for the mechanically crushed tests had higher copper grades than 
the feed samples for the SELFRAG batch treated tests, which led to higher copper grades in 
the sinks and floats.  This is because the chalcopyrite has a grain size of 0.120 mm, therefore 
when liberated the chalcopyrite will be in the size fractions below 0.212 mm.   
 
Table 6.2: XRF results showing the major elemental analysis of the float/ sink tests. 
 Size fraction (mm) Type Cu % Fe % Mo % S % SiO2 % 
Mechanically 
crushed 
-1.180 + 0.850 
Feed 1.575 6.42 <0.005 2.58 61.0 
Float 0.702 4.55 <0.005 0.92 65.1 
Sink 11.25 25.70 <0.01 21.00 20.3 
-0.850 + 0.424 
Feed 1.720 6.53 <0.005 2.98 60.7 
Float 1.125 4.99 <0.005 1.66 63.8 
Sink 10.35 29.20 <0.01 24.30 17.2 
-0.424 + 0.212 
Feed 1.830 6.90 <0.005 3.41 61.2 
Float 0.533 3.63 <0.005 0.68 67.9 
Sink 11.00 29.00 <0.01 22.70 17.9 
SELFRAG 
batch treated 
-1.180 + 0.850 
Feed 1.17 5.87 <0.005 2.26 61.1 
Float 0.677 4.44 <0.005 0.91 64.0 
Sink 9.55 28.00 <0.01 23.30 17.6 
-0.850 + 0.424 
Feed 1.28 6.04 <0.005 2.72 62.1 
Float 0.477 3.68 <0.005 0.62 66.4 
Sink 9.95 29.80 <0.01 24.60 16.0 
-0.424 + 0.212 
Feed 1.55 6.96 <0.005 3.80 62.8 
Float 0.386 2.99 <0.005 0.49 69.4 
Sink 9.47 32.90 <0.01 26.40 13.3 
 
The XRF results, coupled with the mass fractions from the float/ sink tests, were used to 
calculate the recoveries of the copper and silicates for each test, in each of the three size 
fractions.  The copper and silicate recoveries are shown in Figures 6.3 and 6.4.   
 
The copper recoveries in the smaller size fractions were larger for the SELFRAG treated ore.  
The SELFRAG recoveries increased as the particle sizes decreased.  This is expected because 
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smaller size fractions have a higher percentage of liberated valuable minerals.  The result for 
the -1.180 + 0.850 mm size fraction of the mechanically crushed product was again opposite 
to what was expected.   
 
The silicate recoveries are not as expected.  The SELFRAG batch treated recoveries increase 
as the particles get smaller.   
 
Figure 6.3:  Copper recoveries to sinks from the Los Bronces float/ sink tests. 
 
Figure 6.4:  Silicate recoveries to sinks from the Los Bronces float/ sink tests. 
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Overall, gravity separation appears to be viable for both SELFRAG batch and mechanically 
comminuted Los Bronces ore.  The SELFRAG batch treated sample showed larger copper 
recoveries with –0.850+0.424 mm fraction showing the largest improvement of 27%.  These 
results led to the shaking table tests being conducted.   
 
6.1.2 Wilfley shaking table 
Results from MLA analysis showed that SELFRAG batch treatment improved the mineral 
liberation of chalcopyrite.  This opened up opportunities to explore gravity separation as a way 
to remove gangue before further grinding, and thus reduce the overall energy consumption.  
Float/ sink tests confirmed that gravity separation could be viable after SELFRAG batch 
treatment.  Therefore, shaking table tests were conducted (detailed in section 3.2.4) to 
determine if early gangue removal was possible on a plant scale.   
 
The large amounts of ore required for the shaking table experiments meant that only one repeat 
was done.  For this reason the results lack statistical meaning and they should only be used as 
an indication.  The feed and product size distributions from the shaking table experiments are 
shown in Figure 6.5 with the mass distribution shown in Table 6.3.   
 
The feed size distributions for the SELFRAG batch treated and mechanically crushed tests 
were similar, which meant that direct comparisons could be drawn.  Only concentrate 1 and the 
tails showed noticeable differences in particle size distribution.  The SELFRAG batch treated 
concentrate 1 was finer than the mechanically crushed concentrate, because there was a higher 
percentage of fine liberated sulphides that were recovered.  This resulted in a larger copper 
grade percentage of 4.30 (Table 6.3) compared to the mechanical crushed concentrate 1 grade 
of 3.25.  
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Figure 6.5:  Shaking table particle size distributions of mechanically crushed and SELFRAG 
batch treated ore.  
 
Table 6.3: Mass distribution and copper grade for shaking table tests.   
 Mechanical 
(kg) 
Mechanical 
Cu (%) 
SELFRAG 
(kg) 
SELFRAG 
Cu (%) 
Feed 29.80 1.90 31.20 1.86 
Concentrate 1 4.90 3.25 3.02 4.30 
Concentrate 2 12.40 1.86 13.10 1.83 
Concentrate 3 8.38 1.07 10.20 1.11 
Concentrate 4 1.09 0.91 2.09 0.99 
Tails 2.92 2.16 2.70 2.63 
 
The tails distributions showed that in both shaking table experiments, the tails had coarse 
particles and fines, with no middle size range.  The coarse particles were pure gangue, whereas 
the fines contained a lot of sulphides which were carried over with the water movement.  These 
sulphide fines meant that the tails grades were higher than the feed grade for both experiments.  
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Figure 6.6 shows the shaking table grade-recovery curves of the SELFRAG batch treated and 
mechanically comminuted samples.   
 
Figure 6.6:  Grade-recovery curve of mechanically comminuted and SELFRAG batch treated 
Wilfley shaking table experiments.   
 
Overall it appears that the SELFRAG gravity separation results showed better grades and 
recoveries. However on closer inspection, it can be seen that only the Concentrate 1 grades 
differ.  The lack of replicate tests made it difficult to conclude that the grade difference is due 
to improved liberation and not different experimental conditions.   Therefore, it could not be 
concluded that SELFRAG batch improved the gravity separation performance and more tests 
are required to determine if the difference is real.   
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6.2.1 Grade-recovery curves 
The flotation grade-recovery curves were constructed, using the results shown in APPENDIX 
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comminution.  Each data point represents one of the five timed concentrates.  The enrichment 
ratio (the ratio of concentrate grade to feed grade) was used as it removes the effect of different 
feed head grades.  The results were fitted with the ‘AREV’ model and the 95% confidence 
intervals (CI) for the model were determined (detailed in section 3.4.2).  Figure 6.7 shows the 
grade-recovery curves for the 0.100 mm flotation experiments. 
   
Figure 6.7:  Grade-recovery curves for the flotation experiments on material with  
P80 = 0.100 mm, fitted with ‘AREV’ model and 95% CI, shown with dotted lines.  
 
Concentrate 1 had the highest copper grade and recovery because the majority of the liberated 
and partially liberated chalcopyrite was recovered.  After Concentrate 3 most of the copper had 
been recovered, which led to a significant drop in the copper grades and recoveries of 
Concentrates 4 and 5.  The drop in copper grade could also be attributed to more gangue being 
recovered because of the addition of reagents during the reconditioning stage (after Concentrate 
3).  
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The hybrid SELFRAG batch treated material had the best performance with higher grades and 
overall recovery.  However, the overall recovery was only ± 1% larger than the mechanically 
comminuted flotation recovery.  The largest improvements can be seen in the first three 
concentrates, where 97% of the copper was recovered and the concentrates had higher grades.  
The hybrid SELFRAG SP/SP treatment results show a better flotation performance than the 
mechanical comminution performance, but this is predominantly due to the higher grades and 
recoveries in Concentrates 2 and 3.  The overall recovery was significantly different, with 95% 
confidence, to the mechanically comminuted overall recovery, but the difference is only ±0.3%.   
 
Figure 6.8 shows the grade-recovery curve for the 0.150 mm flotation results, with the same 
statistical analysis as in Figure 6.7.   
 
 
Figure 6.8:  Grade-recovery curves for the flotation experiments on material with  
P80 = 0.150 mm, fitted with ‘AREV’ model and 95% CI, shown with dotted lines.   
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The hybrid SELFRAG batch treated material showed the best flotation performance, especially 
in the first three concentrates.  The first three concentrates achieved a recovery of 96.7%, with 
the last two only raising the overall recovery to 97.79%.  The overall recovery values for all 
three comminution experiments were not significantly different.  Hybrid SELFRAG SP/SP 
treatment had the next best flotation performance with higher grades seen in the first three 
concentrates.  The recoveries of the hybrid SELFRAG SP/SP treated and mechanically 
comminuted experiments were closely matched for the five concentrates, thus the hybrid 
SELFRAG SP/SP treated flotation improvements can be attributed to the better grades.   
 
Figure 6.9 shows the grade-recovery curve for the 0.150 mm flotation results, with the same 
statistical analysis as in Figures 6.7 and 6.8.   
 
 
Figure 6.9:  Grade-recovery curves for the flotation experiments on material with  
P80 = 0.200 mm, fitted with ‘AREV’ model and 95% CI, shown with dotted lines.   
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of the mechanical tests were not far behind.  The hybrid SELFRAG batch treated overall 
recovery was 97.8% compared to the mechanically comminuted recovery of 96.5%.  The 
hybrid SELFRAG SP/SP treated and mechanically comminuted tests had statistically identical 
overall recoveries, within the 95% confidence intervals.  The hybrid SELFRAG SP/SP treated 
flotation results indicate that the hybrid SELFRAG SP/SP treatment offered no improvement 
in flotation recoveries, if anything it worsened the response.  All five concentrates had lower 
grades compared to the mechanically comminuted ones, although the recoveries were similar.  
 
There was a significant improvement in the overall hybrid SELFRAG-batch treated product’s 
flotation performance compared to the mechanical comminution product, with higher 
concentrate grades at equivalent recoveries.  This result is as expected since, as the mineral 
liberation analyses in section 5.1.2 indicated, the SELFRAG batch treated product contained 
considerably more liberated chalcopyrite.  The surface oxidation of chalcopyrite in the 
SELFRAG batch treated product (observed in the XPS results in section 5.2) does not appear 
to have a significant deleterious effect on the flotation performance.   This is thought to be due 
to the rod mill removing the passivating layer and the belief that the oxidation effect was 
localised to the surface of the chalcopyrite grains.  The generation of new chalcopyrite surfaces 
due to the size reduction in the rod mill may have also played a role in minimising the effect 
of surface oxidation on the flotation response.   
 
Figure 6.10 compares of the hybrid SELFRAG batch and hybrid SELFRAG SP/SP treatment 
and mechanically comminuted flotation ‘AREV’ fitted curves for the different P80s.   The 0.150 
and 0.200 mm mechanical ‘AREV’ curves were statistically identical and the 0.100 mm curve 
only differed at cumulative enrichment ratios of 7-8. The overall recoveries for all three 
mechanical P80s were statistically identical.  
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Figure 6.10:  Grade-recovery ‘AREV’ curves at different P80s for the hybrid SELFRAG batch 
and SP/SP treated and mechanically comminuted tests fitted with 95% CI, presented by the 
dotted lines.     
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In both the hybrid SELFRAG batch and hybrid SELFRAG SP/SP treatment, the 0.100 and 
0.200 mm flotation curves were similar but the 0.150 mm differed significantly.   The reason 
behind this is unclear at present, but it is thought to be a grain size effect.  The results do 
however show that it is unnecessary to grind the flotation feed sample to a P80 of 0.100 mm 
because the 0.200 mm grades and recoveries are the same. 
 
As mentioned earlier, the majority of the copper was recovered in the first three concentrates, 
with minimal recovery in the fourth and fifth concentrates.  For this reason Table 6.4 was drawn 
up, focussing only on the first three concentrates produced during the hybrid SELFRAG batch 
treated, hybrid SELFRAG SP/SP treated and mechanically comminuted flotation tests.  The 
enrichment ratios and recoveries are for each concentrate and are not cumulative.   
 
Table 6.4:  Copper enrichment ratios and recoveries of flotation Concentrates 1, 2 and 3.  
 0.100 mm 0.150 mm 0.200 mm 
 ER  
(%) 
Recovery 
(%) 
ER  
(%) 
Recovery 
(%) 
ER  
(%) 
Recovery 
(%) 
Mechanical       
   Concentrate 1 7.54 88.2 7.91 88.2 7.98 86.8 
   Concentrate 2 2.34 6.0 2.75 6.0 3.25 6.7 
   Concentrate 3 0.73 0.9 0.95 1.0 1.00 1.0 
SELFRAG batch       
   Concentrate 1 7.86 93.8 9.61 90.7 8.14 92.1 
   Concentrate 2 1.871 3.2 2.50 5.5 2.52 3.8 
   Concentrate 3 0.54 0.3 1.07 0.6 1.00 0.6 
SELFRAG SP/SP       
   Concentrate 1 7.52 86.9 8.34 90.0 7.54 86.8 
   Concentrate 2 4.23 6.7 3.24 5.0 4.00 7.0 
   Concentrate 3 2.42 1.3 1.59 0.7 1.47 1.0 
 
CHAPTER 6 – SEPARATION RECOVERIES AND PERFORMANCE 
 
103 
 
These results show that the improvements in flotation with hybrid SELFRAG batch treatment 
can mostly be attributed to Concentrate 1, where 86.8-93-8% of the copper was recovered.  
This resulted in Concentrates 2 and 3 having significantly lower grades and recoveries.  The 
higher recoveries and grades in the first concentrate indicate that flash flotation could be 
incorporated into the mineral processing circuit to remove the highly liberated chalcopyrite, or 
fewer flotation cells would be required.   
 
The hybrid SELFRAG SP/SP treated material had similar recoveries for the 0.100 and 0.200 
mm concentrates, however the 0.150 mm Concentrate 1 recovery and grade were higher.  
Further tests would be required to determine if the difference is real and if so the reason behind 
it.   
 
6.2.2 Mineralogical limiting grade-recovery curve 
The mineralogical limiting grade-recovery curves, for the -0.212+0.106 mm and  
-0.106+0.053 mm size fractions, were determined from the MLA data and are shown in Figure 
6.10.  The SELFRAG batch treated and mechanically comminuted results for each P80 are also 
shown on Figure 6.11 for comparison.   
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Figure 6.11:  Grade-recovery curve results and the mineralogical limiting grade-recovery 
curves for mechanically comminuted and hybrid SELFRAG batch treated flotation.  The three 
P80 values, 0.100, 0.150 and 0.200 mm are represented by the size of the plotted data points, 
where 0.100 mm is represented by the smallest data point and 0.200 mm the largest.   
 
The results show that neither hybrid SELFRAG batch treatment nor mechanical comminution 
flotation tests achieved perfect separation.  Perfect separation is not practically possible, but it 
can be used to optimise the separation performance.  The experimental recoveries and grades 
fell well below the mineralogical limiting curves but the large difference in grade was more 
significant.  This is due to gangue being recovered into the concentrate which could be due to 
a number of reasons, such as improper reagent dosing or incorrect air flow rates.  The flotation 
procedure could be changed or optimised to try and reduce the amount of gangue being 
recovered, but hybrid SELFRAG batch treatment would probably still have better flotation 
grades and recoveries because of the better mineral liberation.    
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6.3 Implications on current separation techniques 
One of the major potential benefits of high voltage pulse technologies is the upfront removal 
of gangue.  This would prevent excessive grinding of gangue material, thus minimising energy 
wastage.  The MLA and float/ sink results showed that upfront gangue removal was possible 
with SELFRAG batch treatment, with the optimal size being ±0.425 mm.  At this particle size 
gravity separation and coarse flotation could be used, however, coarse flotation may be 
hindered by the surface oxidation caused during SELFRAG treatment.   
 
With the use of Figure 4.8 the most appropriate point for gangue removal, in the Confluencia 
circuit, was determined to be the cyclone feed stream.  This stream had a P80 of 0.900 mm, 
which is at the top operating range of coarse flotation.  Thus, gravity separation is preferable.  
No MLA data was available at this size, but float/ sink experiments, Figure 6.3, indicated that 
SELFRAG batch treatment did not improve the mineral liberation in the -1.180 + 0.850 mm 
size fraction.  Nevertheless, the -0.850+0.212 mm float/ sink results did show improved mineral 
liberation and these particles make up 40% of the cyclone feed.  If the MLA results for the 
particles in the size range of -0.600 + 0.106 mm (Figure 5.2) are also included, then it is 
probable that ±50% of the overall cyclone feed would show improved mineral liberation.  It 
can therefore be assumed that for SELFRAG batch type devices, gangue removal, using gravity 
separation, would be possible in the cyclone feed stream.   
 
The implementation of a SELFRAG batch device into a current mineral processing circuit, 
would also lead to significant improvements in the flotation separation grades and recoveries.  
The large copper recovery in the first three concentrates indicates that fewer flotation cells 
would be necessary, or that flash flotation could be used to remove the liberated chalcopyrite.  
 
The current continuous SELFRAG devices treat the ore in a similar manner to SELFRAG 
SP/SP treatment, where particles are pre-weakened with minimal breakage occurring.  The 
energy consumed by SELFRAG SP/SP was only 3.4 kWh/t, compared to SELFRAG batch 
which consumed 21.8 kWh/t.  This large energy difference makes it impossible to assume that 
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the resulting mineral liberations will be identical.  As a result, it cannot be concluded, without 
further testing, that by implementing these continuous SELFRAG devices early gangue 
removal will be possible.  However, the 0.100 and 0.150 mm batch flotation grade-recovery 
results showed that SELFRAG SP/SP treatment led to improved recoveries and grades, which 
can be attributed to improved mineral liberation.   
 
The SELFRAG SP/SP flotation experiments showed that at a P80 of 0.150 mm the flotation 
performance improved and the grade-recovery curve sat on the right of the mechanical curve.  
The same cannot be said for the flotation experiments at 0.200 mm, where the SELFRAG 
SP/SP treatment results showed no improvement and at 0.100 mm, where the grades and 
recoveries improved for Concentrate 2 and 3 only.  These differences in flotation results make 
it difficult to predict how SELFRAG SP/SP treatment will affect the current flotation circuit 
and therefore it was not reviewed.    
 
6.4 Conclusion 
The float/ sink recoveries suggested that gravity separation would be viable for both the 
SELFRAG batch treated and mechanically crushed Los Bronces products.  The SELFRAG 
batch treatment results showed improved copper recoveries, with – 0.850 + 0.424 mm showing 
the largest improvement of 27%.  As a result of the MLA and float/ sink tests, it was concluded 
that the optimal size for the removal of gangue after SELFRAG batch treatment was ±0.425 
mm.  These results led to the shaking table tests being conducted.   
 
The SELFRAG batch shaking table grade-recovery curve was better than the mechanical curve.  
However, the improvement could only be attributed to the grade difference of Concentrate 1 
and the lack of repeats made it difficult to conclude if the difference was due to improved 
liberation or different experimental conditions.  Therefore, it cannot be concluded that 
SELFRAG batch treatment improved the shaking table separation performance and more tests 
are required to determine if the difference is real.   
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Overall, hybrid SELFRAG batch treatment improved the flotation recoveries and grades for all 
three P80 tests with the largest flotation improvement seen in the 0.150 mm test.  This was 
attributed to the improved mineral liberation and the rod mill ‘cleaning’ the oxidised 
chalcopyrite surfaces.  The hybrid SELFRAG single-particle/single-pulse (SP/SP) tests showed 
an improvement in the grades and the recoveries for the 0.100 and 0.150 mm tests but 
improvements were not seen in the 0.200 mm.  Indeed, the hybrid SELFRAG SP/SP treatment 
appears to have worsened the flotation response by reducing the grade of Concentrate 1.  
Further tests would be required to determine if these differences are real.   
 
Comparisons of the different P80 ‘AREV’ curves across the different comminution methods 
showed that the 0.150 and 0.200 mm mechanical curves were statistically identical and that the 
0.100 mm curve only differed at cum enrichment ratios of 7-8.  The overall recoveries for all 
three mechanical comminution P80 tests were statistically identical.  In both the hybrid 
SELFRAG batch and hybrid SELFRAG SP/SP treated material, the 0.100 and 0.200 mm 
flotation curves were the same but the 0.150 mm differed significantly.   The reason behind 
this is unknown at present, but it is thought to be a grain size effect.  The mechanically 
comminuted and hybrid SELFRAG treated results indicate that it was unnecessary to grind the 
flotation feed samples to a P80 of 0.100 mm because the grades and recoveries for the  
0.200 mm flotation tests are identical.    
 
The improvements in flotation with hybrid SELFRAG batch treatment can mostly be attributed 
to Concentrate 1, where 86.8-93-8% of the copper was recovered.  The high recovery led to 
Concentrates 2 and 3 having significantly lower grades and recoveries.  The higher recoveries 
and grades in the first concentrate indicate that if SELFRAG batch treatment were implemented 
into the current flotation circuit, then flash flotation could be used to remove the highly 
liberated chalcopyrite or fewer flotation cells would be required.   
 
Comparisons of the mineralogical limiting grade-recovery curves and the experimental grade-
recovery curves show that the hybrid SELFRAG batch treated and mechanically comminuted 
flotation recoveries and grades fell well below the mineralogical limiting curves.  Therefore, 
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the flotation procedure could be optimised to shift the grades and recoveries closer to the 
perfect separation curve.   
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CONCLUSIONS AND RECOMMENDATIONS 
The conclusions gained from the experimental results are reviewed alongside the objectives 
and hypotheses in this chapter.  Recommendations for future work are also presented.   
 
7.1 The effect of high voltage pulse treatment on the mineral 
liberation of Los Bronces porphyry copper ore.   
Mineral liberation results showed that chalcopyrite was more liberated in the SELFRAG 
treated product than in the mechanically comminuted product, noticeably in the coarse (-0.425 
+0.300 mm, -0.300 +0.212 mm and -0.212+ 0.106 mm) size fractions.  The phase specific 
interfacial area was also found to be smaller in the coarser size fractions of the SELFRAG 
batch treated samples.   
 
The mineralogical limiting curves showed significant grade-recovery improvements with 
SELFRAG batch treatment, in all the size fractions above 0.053 mm.  However, the largest 
improvements in the grades and recoveries were seen in the -0.425+ 0.300 mm and -0.300+ 
0.212 mm size fractions.   
 
As a results the following hypothesis was met:  
 High voltage pulse treatment, using SELFRAG Lab, enhances mineral liberation in Los 
Bronces porphyry copper ore. 
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7.2 The effect of high voltage pulses on the surface chemistry of 
Los Bronces porphyry copper ore.   
XPS results show that the SELFRAG treatment caused extensive oxidation of the chalcopyrite 
with a large decrease in the amount of chalcopyrite on the surface.  Iron oxidation occurred in 
both the SELFRAG and mechanically comminuted chalcopyrite, leaving behind copper 
sulphides on the surface.   
 
The SELFRAG treated chalcopyrite had more polysulphides present on the surface, whilst the 
mechanically comminuted products had more disulphides present.  This indicated that the 
SELFRAG products had a more developed passivating layer blanketing the chalcopyrite.  The 
presence of sulphates on the SELFRAG treated product indicates that the sulphides were 
oxidised further.   
 
As a result, the following hypothesis was not met, as SELFRAG treatment causes significantly 
more oxidation than conventional mechanical comminution: 
 High voltage pulse treatment, using SELFRAG Lab, has negligible effects on the surface 
chemistry of Los Bronces ore.  
 
The surface oxidation of chalcopyrite in the SELFRAG batch treated product does not appear 
to have a significant deleterious effect on the flotation performance where a significant 
improvement in the overall hybrid SELFRAG-batch treated product’s flotation performance 
compared to the mechanical comminution product was seen.  This is thought to be due to the 
rod mill removing the passivating layer and generating new chalcopyrite surfaces during size 
reduction.  Therefore, if no or minimal grinding took place, as with coarse flotation, then 
surface oxidation would more likely hinder the separation performance.   
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7.3 The effect of SELFRAG treatment on the flotation and 
gravity separation recoveries and grades of Los Bronces 
porphyry copper ore.   
Float/ sink tests showed that gravity separation would be viable for both the SELFRAG batch 
and mechanically comminuted Los Bronces products.  The SELFRAG batch results showed 
improved copper recoveries, with -0.850 +0.424 mm showing the largest improvement of 27%.  
As a result of the MLA and float/ sink tests, it was concluded that the optimal size for the 
removal of gangue after SELFRAG treatment was ±0.425 mm.  These results led to the shaking 
table tests being conducted.   
 
The SELFRAG batch shaking table grade-recovery curve was better than the mechanical curve.  
However, the improvement could only be attributed to the grade difference of Concentrate 1 
and the lack of repeats made it difficult to conclude if the difference was due to improved 
liberation, or different experimental conditions.  Therefore, it could not be concluded that 
SELFRAG batch improved the shaking table separation performance.   
 
Overall SELFRAG batch treatment improved the flotation recoveries and grades for all three 
P80 tests with the largest flotation improvement seen in the 0.150 mm test.  The flotation 
performance did not appear altered by the oxidised surface.  The rod mill ‘cleaned’ the oxidised 
surfaces and the improved mineral liberation was therefore main performance driver.  The 
SELFRAG single-particle/single-pulse (SP/SP) tests showed an improvement in the grades and 
the recoveries for the 0.100 and 0.150 mm tests, but improvements were not seen in the 0.200 
mm.   
 
Comparisons of the different P80 ‘AREV’ curves across the different comminution methods 
showed that the 0.150 and 0.200 mm mechanical curves were statistically identical and that the 
0.100 mm curve only differed at cumulative enrichment ratios of 7-8.  The overall recovery for 
all three mechanical P80 tests were statistically identical.  In both the SELFRAG batch and 
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SELFRAG SP/SP, the 0.100 and 0.200 mm flotation curves were the same but the 0.150 mm 
differed significantly.   
 
As a result of the work, the following hypothesis can only be met for specific particle sizes: 
 The hybrid processing circuit will lead to improved overall separation recoveries and 
grades.   
 
7.4 Mineral processing circuit implications 
The JKFBC results indicated that SELFRAG batch treatment on Los Bronces ore significantly 
reduced the ore’s resistance to breakage when compared to traditional mechanical 
comminution.  However, SELFRAG batch treatment consumed 21.8 kWh/h, whereas the 
mechanical crushing only consumed 1.50 kWh/t to produce the same extent of breakage.   
 
The implementation of SELFRAG batch type devices into the current Confluencia circuit 
would allow for gangue removal, using gravity separation, in the cyclone feed stream.  The 
implementation would also lead to significant improvements in the flotation separation grades 
and recoveries.  The higher percentage of liberated chalcopyrite would require fewer flotation 
cells and allows the opportunity for flash flotation to be used.   
 
The main problem is that current continuous SELFRAG devices, in the mining field, treat the 
ore in a similar manner to SELFRAG SP/SP treatment, where particles are pre-weakened with 
minimal breakage occurring. Therefore SELFRAG batch treatment will never be realised on a 
continuous plant.  It cannot be concluded, without further testing, that early gangue removal 
will be possible with SELFRAG SP/SP treatment.   
 
The hybrid SELFRAG SP/SP treated flotation experiments showed that at a P80 of 0.150 mm 
the flotation performance improved.  The same cannot be said for the flotation experiments at 
0.200 mm, where the SELFRAG SP/SP treatment results showed no improvement and at 0.100 
mm, where the grades and recoveries for Concentrate 2 and 3 only improved.  These differences 
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in flotation results, make it difficult to predict how SELFRAG SP/SP treatment will affect the 
current floatation circuit and therefore it was not reviewed.    
 
7.5 Future work 
The following work is recommended for future research into high voltage pulse treatment 
effects on porphyry copper separation: 
 Further assessment of the copper grade and recovery changes with SELFRAG SP/SP 
treatment, so that the reasons behind the higher grades and recoveries at a P80 of  
0.150 mm can be determined.   
 Mineral liberation tests or flotation tests using various SELFRAG treatment energy 
levels, so that the effect of energy level on separation performance can be determined.   
 Leaching tests to determine if surface oxidation reduces the valuable mineral recoveries 
 SELFRAG SP/SP gravity separation tests on different particle size fractions, to 
determine if plant scale gangue removal is possible.   
 
It is also recommended that the same be done for other ore types so that a SELFRAG mineral 
processing circuit can be developed and simulated.    
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APPENDIX I 
 
SELFRAG energy  
Parameters  
C 0.15 
k 4 
U 45 
Epulse 607.5 
   
Batch treatment  
Number of pulses 80 
Number of batches 55 
Total mass treated (g) 33999.80 
Egen (J)  2673000.00 
Total specific energy 21.84 
   
SP/SP treatment  
Number of pulses 1 
Number of particles 
treated 185 
Total mass treated (g) 9094.50 
Egen (J)  112387.50 
Total specifc energy 3.43 
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APPENDIX II 
 
Chalcopyrite mineral liberation analysis data.   
 Liberation percentage (%) Abundance (%) Retained (%) 
Size 
fraction Mechanical SELFRAG Mechanical SELFRAG Mechanical SELFRAG 
 90% 95% 90% 95%     
+0.425 32.98 30 43.67 39.08 3.4 4.57 4.51 5.68 
0.300-0.425 34.93 30.52 60.23 56.37 3.36 6.23 4.40 5.60 
0.212-0.300 48.25 42.21 65.11 60.47 3.51 8.01 3.11 4.01 
0.106-0.212 56.8 51.47 75.78 68.64 3.92 8.02 4.81 5.82 
0.053-0.106 82.37 74.59 81.87 76.3 5.38 10.53 3.11 2.62 
-0.053 92.73 90.34 90.37 86.61 7.08 17.32 4.54 1.45 
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APPENDIX III 
 
Mechanical flotation results.   
  % Cu Mass (g) Cum %Cu 
UR 
(uptake 
ratio) 1/UR MP (%) Rec (%) 
100 microns 
Conc 1 10.6 116.0275 10.6 7.542108 0.132589 11.69438 88.20024 
 2 3.29 25.4675 9.284283 6.605949 0.151379 14.26124 94.20901 
 3 1.02 11.5825 8.658972 6.161028 0.162311 15.42863 95.05625 
 4 0.23 66.8 6.098203 4.338991 0.230468 22.16138 96.15806 
 5 0.22 17.8775 5.656204 4.0245 0.248478 23.96325 96.44011 
Tails  0.0658 754.41 1.405443   100  
  1.405443 992.165      
150 microns 
Conc 1 10.9 111.2467 10.9 7.908024 0.126454 11.14901 88.16663 
 2 3.79 21.74667 9.737394 7.064546 0.141552 13.32843 94.15933 
 3 1.31 10.50333 9.120546 6.617018 0.151125 14.38107 95.15976 
 4 0.37 58.33 6.591547 4.782212 0.209108 20.22683 96.72898 
 5 0.35 17.29333 6.098953 4.424832 0.225997 21.95995 97.16907 
Tails  0.05 778.6967 1.378347   100  
  1.378347 997.8167      
200 microns 
Conc 1 11.25 108.1767 11.25 7.982757 0.12527 10.87272 86.79427 
 2 4.58 20.4 10.19174 7.231836 0.138277 12.9231 93.45774 
 3 1.42 10.41333 9.534545 6.765507 0.147809 13.96973 94.51233 
 4 0.46 36.70667 7.638685 5.420246 0.184493 17.65908 95.71656 
 5 0.3 16.68333 7.002269 4.968659 0.201262 19.3359 96.07351 
Tails  0.0686 802.5567 1.409288   100  
  1.409288 994.9367      
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SELFRAG batch flotation results. 
  % Cu Mass (g) Cum %Cu 
UR 
(Uptake 
ratio) 1/UR MP (%) Rec (%) 
100 microns 
Conc 1 14.85 119.06 14.85 7.858514 0.127251 11.9299 93.75128 
 2 3.53 17.13333 13.42593 7.104904 0.140748 13.64667 96.9583 
 3 1.02 5.466667 12.94718 6.851555 0.145952 14.19444 97.25397 
 4 0.18 59.88333 9.153747 4.844097 0.206437 20.19479 97.82553 
 5 0.11 22.33667 8.251446 4.366606 0.229011 22.43294 97.95581 
Tails  0.0498 774.1167 1.88967   100  
  1.88967 997.9967      
150 microns 
Conc 1 17.2 93.94 17.2 9.606396 0.104097 9.443674 90.71967 
 2 4.47 21.82333 14.80018 8.26607 0.120976 11.63755 96.19677 
 3 1.91 5.36 14.22976 7.947483 0.125826 12.17638 96.77158 
 4 0.34 45.94333 10.41008 5.814146 0.171994 16.79501 97.64863 
 5 0.18 14.44667 9.595863 5.359399 0.186588 18.24731 97.79463 
Tails  0.0483 813.2267 1.790474   100  
  1.790474 994.74      
200 microns 
Conc 1 14.85 111.5667 14.85 8.141522 0.122827 11.31198 92.09674 
 2 4.59 14.96 13.6369 7.476439 0.133754 12.82881 95.91378 
 3 1.82 5.9 13.11042 7.187797 0.139125 13.42702 96.51069 
 4 0.46 41.01333 10.11898 5.547736 0.180254 17.58545 97.55943 
 5 0.26 13.25333 9.41909 5.164022 0.193647 18.92923 97.75098 
Tails  0.0506 799.5767 1.823983   100  
  1.823983 986.27      
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SELFRAG SP/SP flotation results. 
  % Cu Mass (g) Cum %Cu 
UP 
(uptake 
raio) 1/UR MP (%) Rec (%) 
100 microns 
Conc 1 13.15 115.675 13.15 7.518673 0.133002 11.55952 86.91228 
 2 7.39 15.71 12.46126 7.12488 0.140353 13.12944 93.54569 
 3 4.23 5.685 12.11987 6.929684 0.144307 13.69755 94.91969 
 4 0.44 94.96 7.339797 4.196619 0.238287 23.187 97.307 
 5 0.31 10.12 7.046006 4.02864 0.248223 24.1983 97.48625 
Tails  0.058 758.54 1.748979   100  
  1.748979 1000.69      
150 microns 
Conc 1 13.3 106.87 13.3 8.344149 0.119844 10.78683 90.00693 
 2 5.17 15.095 12.29379 7.712873 0.129653 12.31043 94.94881 
 3 2.53 4.535 11.94376 7.493272 0.133453 12.76817 95.67536 
 4 0.22 68.035 7.843593 4.92091 0.203214 19.63522 96.62318 
 5 0.26 12.085 7.400036 4.642632 0.215395 20.85501 96.82215 
Tails  0.064 784.125 1.593931   100  
  1.593931 990.745      
200 microns 
Conc 1 12.55 114.56 12.55 7.537873 0.132663 11.5079 86.74509 
 2 6.65 17.48 11.76893 7.068743 0.141468 13.26382 93.75853 
 3 2.45 7.07 11.29532 6.784276 0.1474 13.97402 94.80362 
 4 0.51 53.615 8.294903 4.982145 0.200717 19.35981 96.4534 
 5 0.41 9.945 7.907991 4.749755 0.210537 20.35882 96.69941 
Tails  0.069 792.82 1.664926   100  
  1.664926 995.49      
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100 micron ‘AREV’ (Vera et al., 1999) flotation models. 
Mechanical ER Recovery (%) Pred.rec. Squares Rmax =  96.36963 
  7.54 88.20 88.21 0.000 a =  0.001939 
  6.61 94.21 94.13 0.006 b =  1.38154 
  6.16 95.06 95.16 0.010   
  4.34 96.16 96.27 0.013 SST = 0.048 
  4.02 96.44 96.31 0.018 SE = 0.154221 
        
SELFRAG 
batch ER Recovery (%) Pred.rec. Squares Rmax =  97.94746 
  7.86 93.75 93.83 0.006 a =  5.85E-05 
  7.10 96.96 96.83 0.017 b =  1.728653 
  6.85 97.25 97.22 0.001   
  4.84 97.83 97.92 0.010 SST = 0.034 
  4.37 97.96 97.94 0.000 SE = 0.13026 
        
SELFRAG 
SP/SP ER Recovery (%) Pred.rec. Squares Rmax =  97.644 
  7.52 86.91 87.37 0.207 a =  3.83E-05 
  7.12 93.55 93.01 0.284 b =  2.023792 
  6.93 94.92 94.52 0.157   
  4.20 97.31 97.63 0.105 SST = 0.776 
  4.03 97.49 97.64 0.022 SE = 0.622852 
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150 micron ‘AREV’ (Vera et al., 1999) flotation models. 
Mechanical ER Recovery (%) Pred.rec. Squares Rmax =  97.04497 
  7.91 88.17 88.17 0.000 a =  0.002535 
  7.06 94.16 94.04 0.015 b =  1.281655 
  6.62 95.16 95.35 0.036   
  4.78 96.73 96.88 0.024 SST = 0.126 
  4.42 97.17 96.94 0.051 SE = 0.251286 
        
SELFRAG 
batch ER Recovery (%) Pred.rec. Squares Rmax =  97.39045 
  9.61 90.72 90.65 0.004 a =  4.77E-06 
  8.27 96.20 96.72 0.278 b =  1.725959 
  7.95 96.77 97.01 0.055   
  5.81 97.65 97.38 0.072 SST = 0.576 
  5.36 97.79 97.39 0.167 SE = 0.53661 
        
SELFRAG 
SP/SP ER Recovery (%) Pred.rec. Squares Rmax =  96.76932 
  8.34 90.01 90.03 0.001 a =  3.94E-06 
  7.71 94.95 94.92 0.001 b =  2.048626 
  7.49 95.68 95.59 0.007   
  4.92 96.62 96.76 0.020 SST = 0.031 
  4.64 96.82 96.77 0.003 SE = 0.125363 
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200 micron ‘AREV’ (Vera et al., 1999) flotation models. 
Mechanical ER Recovery (%) Pred.rec. Squares Rmax =  96.06678 
  7.98 86.79 86.94 0.021 a =  0.000397 
  7.23 93.46 93.19 0.072 b =  1.537348 
  6.77 94.51 94.66 0.022   
  5.42 95.72 95.89 0.030 SST = 0.154 
  4.97 96.07 95.98 0.009 SE = 0.277779 
        
SELFRAG 
batch ER Recovery (%) Pred.rec. Squares Rmax =  97.67198 
  8.14 92.10 92.10 0.000 a =  4.94E-05 
  7.48 95.91 95.90 0.000 b =  1.72611 
  7.19 96.51 96.60 0.007   
  5.55 97.56 97.61 0.002 SST = 0.022 
  5.16 97.75 97.64 0.012 SE = 0.105962 
        
SELFRAG 
SP/SP ER Recovery (%) Pred.rec. Squares Rmax =  96.82619 
  7.54 86.75 87.02 0.073 a =  2.62E-05 
  7.07 93.76 93.11 0.422 b =  2.068724 
  6.78 94.80 94.76 0.002   
  4.98 96.45 96.78 0.104 SST = 0.610 
  4.75 96.70 96.80 0.009 SE = 0.552464 
 
 
